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Abstract and Layout of Thesis 

This Thesis describes the use of synthetic chemistry to investigate mechanisms for 

controlling molecular-level motion. Initially, the principles that all experimental 

designs for working molecular machines must follow are elucidated; tracing the 

development of ideas about molecular-level motion from their genesis, to the modern-

day contributions of molecular biology and theoretical none quilibrium statistical 

physics. 

In the rest of the Thesis, these theoretical considerations are applied and extended 

through the construction and operation of molecular machines based on interlocked 

molecules. Two simple rotaxane-based examples serve to demonstrate the novel 

concept of 'compartmentalized' molecular machines. Correlating chemical, physical 

and statistical descriptions of these simple devices with their behaviour, reveals the 

fundamental mechanistic elements that are involved in the operation of any 

compartmentalized Brownian machine and suggests how these can be combined to 

create different types of device. This leads to the construction of a [2]catenane that is 

the first example of a reversible synthetic rotary molecular motor and which operates 

via an energy ratchet mechanism. 

Next, a fundamentally different mechanism is investigated through the construction 

and analysis of a compartmentalized molecular machine that is the first to operate via 

an information ratchet mechanism. 

Finally, the classic stimuli-responsive molecular shuttle design serves as an ideal test 

bed for investigating a new structural series of rotaxane-based molecular machines 

that are controlled by redox processes and which show promise for operation at 

surfaces. 

Chapter 1 is based upon the first section of a comprehensive review article currently 

in press. Some minor alterations have been made in order to place it in the context of 

this Thesis. Chapters 2 and 3 are each presented in the form of articles that have 

already been published in peer-reviewed journals. No attempt has been made to 

rewrite this work out of context, other than to insert cross-references to other 

Chapters, as appropriate, and to ensure consistency of presentation throughout this 

Thesis. An abbreviated version of Chapter 4 has also been accepted for publication, 

although a fuller discussion of this material is provided here. The opening sections of 
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Abstract and Layout 

Chapter 5 have also previously been published, and here too, only minor amendments 

have been made so as to allow integration of the new results reported towards the end 

of the Chapter. Where already published, the original papers are reproduced, in their 

published format, in the Appendix. Additionally, each Chapter is preceded by a 

synopsis that puts the work reported in context, and also by a very grateful 

acknowledgement of the contributions of my ft/low researchers. A consequence of 

presenting the work in this way is that many of the blind alleys, cul-de-sacs and 

interesting, but ultimately fruitless, avenues explored along the way have not been 

included. 1 hope the reader wiliforgive such omissions as well as the slight repetition 

that occurs in the introduction and bibliography of each Chapter. 
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xylylenediamine was purified by distillation under reduced pressure; triethylamine 

was dried by distillation from calcium hydride, then stored over 4 A molecular sieves. 

Chloroform and tetrahydrofuran (THF) solvents were analytical grade, without 

stabilizer; dry acetonitrile, chloroform, dichloromethane, NN-dimethylformainide 

(DMF), methanol, tetrahydrofuran and toluene were obtained by passing these 

solvents through activated alumina columns on a PureSolv TM  solvent purification 

system (Innovative Technologies, Inc., MA). Unless stated otherwise, all other 

reagents were purchased from commercial sources and used without further 

purification. Column chromatography was carried out using Kiesegel C60 (Fisher 

Scientific) as the stationary phase. Preparative thin-layer chromatography (TLC) was 

performed on glass-backed plates pre-coated with silica 60 F254 adsorbent (20 cm 

20 cm, with concentration zone, 0.25 mm thick, Fluka) and analytical TLC was 
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CHAPTER ONE 

Design Principles for Molecular-Level 
Motors and Machines 

In a slightly modified form, this Chapter forms the first section of a review article 
titled "Synthetic Molecular Motors and Mechanical Machines", accepted for 
publication in Angewandte Chemie: 

E. R. Kay, D. A. Leigh, F. Zerbetto, Angew. Chem. mt. Ed., DOl 10.1002/200504313 

"What are the possibilities of small but movable 

machines? They may or may not be useful, but 

they surely would be fun to make... 

...I can't see exactly what would happen, but I 

can hardly doubt that when we have some 

control of the arrangement of things on a small 

scale we will get an enormously greater range 

ofpossible properties that substances can have, 

and of different things that we can do." 

Richard P. Feynman, 1959 
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Chapter 1 	 Design Principles for Molecular Machines 

Synopsis 

The widespread use of controlled molecular-level motion in key natural processes 

suggests that great rewards could come from bridging the gap between the present 

generation of synthetic molecular systems - which by and large rely upon electronic 

and chemical effects to carry out their functions - and the machines of the 

macroscopic world, which utilize the synchronized movements of smaller parts to 

perform specific tasks. This is a scientific area of great contemporary interest and 

extraordinary recent growth. Yet, the notion of molecular-level machines dates back 

to a time when the ideas surrounding the statistical nature of matter and the Laws of 

Thermodynamics were first being formulated; nearly two centuries before the 

synthetic chemistry and instrumentation necessary to address, manipulate and 

characterize nanoscale structures had developed to the level required to 

experimentally explore them. 

Despite the sophistication of modern chemical methods, clear and generally 

applicable precepts for the construction of molecular machines have yet to be arrived 

at in the literature. Furthermore, the established rules of macroscopic mechanical 

engineering are entirely inapplicable at the molecular level. In this Chapter, 

therefore, the underlying principles that all experimental molecular designs must 

follow are explored. Ideas about the nature of molecular-level motion, and how to 

control it, are drawn from such diverse fields as classical thermodynamics, molecular 

biology and nonequilibrium statistical physics, and are put in the context of designing 

synthetic molecular machines. The principles which are derived from this survey are 

expounded, exemplified, and extended throughout the following Chapters of this 

Thesis, where the construction and operation of various synthetic molecular machines 

is examined. 
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Chapter 1 	 Design Principles for Molecular Machines 

1.1 Introduction 

In recent years chemists have demonstrated imagination and considerable skill in the 

design and construction of synthetic molecular systems in which positional 

displacements of submolecular components result from moving energetically 

downhill. [ ' ]  But what are the structural features necessary for molecules to use 

chemical energy to repetitively do mechanical work? How can we make a molecular 

machine that pumps ions to reverse a concentration gradient, say, or that moves itself 

energetically uphill? How can we make nanoscale structures that traverse a pre-

defined path across a surface or down a track, responding to the nature of their 

environment to change direction? How can we make a synthetic molecular motor that 

rotates against an applied torque? Artificial compounds that can do such things have 

yet to be realized. Moreover, and perhaps more surprisingly given that nature has 

developed such machines and refined them to a high degree of efficiency, the 

literature is still largely bereft of the fundamental guidelines necessary to invent them. 

In this Chapter I try to address this deficiency by using theory to outline, develop and 

present the underlying mechanisms and principles required for future generation 

synthetic molecular-level machine systems. 

Perhaps inevitably in a newly emerging field, there is not even a clear consensus as to 

what constitutes a molecular machine and what differentiates one from other 

molecular devices. Initially, the categorization of molecules as machines by chemists 

was purely iconic - the structures 'looked' like pieces of machinery - or they were so-

called because they carried out a function that in the macroscopic world would require 

a machine to perform it. Many of the chemical systems first likened to pistons and 

other machines were simply host—guest complexes in which the binding could be 

switched 'on' or 'off by external stimuli such as light) 11  Whilst such studies were 

instrumental in popularizing the notion of molecular-level machines amongst 

chemists, it is fair to say (with considerable hindsight 121)  that the effects of scale tell us 

that suprainolecular decomplexation events have little in common with the motion or 

function of a piston (the analogy is somewhat better applied to shuttling within a 

rotaxane architecture because the components are always kinetically associated, but 

the implication of imparting momentum is still unfortunate). Similarly, a 

photosensitizer is not phenomenologically related to a 'light-fuelled motor'. In this 

3 



Chapter 1 	 Design Principles for Molecular Machines 

Thesis I choose to differentiate machines from other devices on the basis that the 

etymology and meaning of 'machine' generally implies mechanical movement - i.e. a 

net nuclear displacement in the molecular world - which causes something useful to 

happen. Thus, for our purposes, 'molecular machines' are a defmed subset of 

'molecular devices' (functional molecular systems) in which some stimulus triggers 

the controlled, large amplitude or directional mechanical motion of one component 

relative to another (or of a substrate relative to the machine) which results in a net task 

being performed. Accordingly, neither supramolecular complexes in which the 

components are able to exchange with others in the bulk, nor systems that function 

solely through changes in their electronic structure, are covered by such a definition. 

1.2 Molecular-level machines and the language used to describe them 

Language - especially scientific language - has to be suitably defined and correctly 

used in order to accurately convey concepts in a field. Nowhere is the need for 

accurate scientific language more apparent than in the discussion of the ideas and 

mechanisms by which nanoscale machines could - and do - operate. [' ]  Much of the 

terminology used to describe molecular-level machines has its origins in the 

observations of physicists and biologists, but their findings and descriptions have at 

times been misunderstood or under-appreciated by chemists. Similarly, the chemistry 

of molecular systems can sometimes be overlooked by other disciplines. 
[4) 

As mechanism replaces imagery as the driving force behind advances in this field, it 

may be helpful for the terminology used to discuss molecular-level machine systems 

to become more phenomenologically based. When describing molecular behaviour 

scientifically, the standard dictionary definitions meant for everyday use are not 

always appropriate for a regime that the definitions were never intended to cover. The 

difference between a 'motor' and a 'switch' as basic molecular machine types, for 

example, is significant because 'motor' and 'switch' become descriptors of very 

different types of behaviour at molecular length scales, not simply iconic images 

(Figure 1.1). A 'switch' influences a system as a function of state whereas a 'motor' 

influences a system as a function of the trajectory of its components or the substrate. 

Returning a molecular-level switch to its original position undoes any mechanical 

effect it has on an external system (naturally, the molecules heat up their surroundings 

4 



Chapter 1 	 Design Principles for Molecular Machines 

as the energy from the switching stimulus is dissipated); when the components of a 

rotary motor return to their original position through a different pathway to the one 

they left by (i.e. a 3600  directional rotation), a physical task performed by the machine 

is not inherently undone (for example, the rotating components could be used to wind 

up a polymer chain). 

a) Rotary swtftli 	 b) Rotary motor 	Net vecvanaley of 
miatim, slows wm* to be 

- 	 ,ee.gwinding Lip ota 
p*mor Tdm~Wm 

Statist,cel 
dlslnhil,ce, of 
COI7POflOt or 	 Nit thveot,onaj 1km Net dNtilbubor, of 

substrate 	 components does not have to change it 
steady state e a maIm 

C) Translational switch 

I 

d) Translational rnotor/purnp  

- - - - 

- - - - 

- - 

!Vow of it thennodynemlc equilibrium. a 
tra'islataonal motor moves itself or a 

aubstreta'caIqo processively along a lfed 

Pumps 8 substrate against e 
concentration pradment 

Figure 1.1 The fundamental difference between a 'switch' and a 'motor' at the molecular level. Both 
translational and rotary switches influence a system as a function of the switch state. They switch 
between two or more, often equilibrium, states. Motors, however, influence a system as a function of 
the trajectory of their components or a substrate. Motors function repetitively and progressively on a 
system; the effect of a switch is undone by resetting the machine. (a) Rotary switch. (b) Rotary motor. 
(c) Translational switch. (d) Translational motor or pump. 

This difference is profound and the terms really should not be used interchangeably as 

sometimes happens in the chemistry (but not the physics  5  or biology) literature. That 

is not to say that molecular switches cannot use chemical energy to do mechanical 

work. They can, but it is undone by resetting the switch to its original state. The key 

reason why this point is important is that switches cannot use chemical energy to 

repetitively and progressively drive a system away from equilibrium whereas a motor 

can.  161  Other molecular machine types, also differentiated on the basis of their 

fUndamental behaviour, can also be identified (see Chapter 2). It is an accurate 

reflection of the current state of the art that the vast majority of the molecular-level 
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Chapter 1 	 Design Principles for Molecular Machines 

machines discussed to date are switches, not motors. Similarly, thus far only 

'influence-as-a-function-of-state' rather then 'influence-as-a-function-of-trajectory' 

molecular-level machines have been developed to the level that they can be exploited 

to perform tasks in the outside world. 

1.3 The effects of scale 

The path towards synthetic molecular machines can be traced back nearly two 

centuries to the observation of effects that pointed directly to the random motion 

experienced by all molecular-scale objects. In 1827, the Scottish botanist Robert 

Brown noted through his microscope the incessant, haphazard motion of tiny particles 

within translucent pollen grains suspended in water. 
(7]  An explanation of the 

phenomenon - now known as Brownian motion or movement - was provided by 

Einstein in one [81  of his three celebrated papers of 1905 and was proven 

experimentally 91  by Perrin over the next decade .UO] Scientists have been fascinated by 

the implications of the stochastic nature of molecular-level motion ever since. The 

random thermal fluctuations experienced by molecules dominate mechanical 

behaviour in the molecular world. Even the most efficient nanoscale machines are 

swamped by its effect. A typical motor protein consumes ATP fuel at a rate of 100-

1000 molecules every second, corresponding to a maximum possible power output in 

the region 10-16 to  10-17 w per molecule. 1  When compared with the random 

environmental buffeting of _10-8W experienced by molecules in solution at room 

temperature, it seems remarkable that any form of controlled motion is possible!' 21  

When designing molecular machines it is important to remember that the presence of 

Brownian motion is a consequence of scale, not of the nature of the surroundings. It 

cannot be avoided by putting a molecular-level structure in a near-vacuum for 

example. Although there would be few random collisions to set such a Brownian 

particle in motion, equally there would be little viscosity to slow it down. These 

effects always cancel each other out and as long as a temperature for an object can be 

defined, it will undergo Brownian motion appropriate to that temperature (which 

determines the kinetic energy of the particle) and only the mean free path between 

collisions is affected by the concentration of particles. In the absence of any other 

molecules, heat would still be transmitted from the hot walls of the container to the 
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particle by electromagnetic radiation, the random emission and absorption of the 

photons producing the Brownian motion. In fact, even temperature is not a 

particularly effective modulator of Brownian motion since the velocity of the particles 

depends on the square root of the temperature. So to reduce random thermal 

fluctuations to 10% of the amount present at room temperature, one would have to 

drop the temperature from 300 K to 3 K.112 
13]  It seems sensible, therefore, to try to 

utilize Brownian motion when designing molecular machines rather than make 

structures that have to fight against it. Indeed, the question of how to (and whether it 

is even possible to) harness the inherent random motion present at small length scales 

to generate motion and do work at larger length scales has vexed scientists for some 

considerable time. 

1.3.1 The Brownian motion 'thought-machines': Maxwell's Demon, Szilard's 
Engine, Smoluchowski 's Trapdoor and Feynman 's Ratchet and Paw! 

The Laws of Thermodynamics govern how systems gain, process and release energy 

and are central to the use of particle motion to do work on any scale. The Zeroth Law 

of Thermodynamics tells us about the nature of equilibrium, the First Law is 

concerned with the total energy of a system, while the Third Law sets the limits 

against which absolute measurements can be made. Whenever energy changes hands, 

however, (body-to-body or form-to-form) it is the Second Law of Thermodynamics 

that comes into play. This law provides the link between the fundamentally reversible 

laws of physics and the clearly irreversible nature of the universe in which we exist. 

And it is the Second Law, with its often counter-intuitive consequences, that governs 

many of the important design aspects of how to harness Brownian motion to make 

molecular-level machines. Indeed, the design of tiny machines capable of doing work 

was the subject of several celebrated historical 'thought-machines' intended to test the 

very nature of the Second Law. [14-181 

Maxwell's Demon 

Scottish physicist James Clerk Maxwell played a major role in developing the kinetic 

theory of gases (along with Ludwig Boltzmann), which established the relationship 

between heat and particle motion and gave birth to the concept of statistical 

mechanics. In doing so, Maxwell realized the profundity of the statistical nature of the 

Second Law which had recently been formulated 1191  by Rudolf Clausius and William 
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Thomson (later Lord Kelvin). In an attempt to illustrate this feature, Maxwell devised 

the thought experiment which has come to be known as Maxwell's Demon. 114 ' 15 ' 201  

Maxwell envisaged a gas enclosed within a container, to and from which no heat or 

matter could flow. The Second Law of Thermodynamics requires that no gradient of 

heat or pressure can spontaneously arise in such a system, as that would constitute a 

reduction in entropy. Maxwell imagined the system separated into two sections by a 

partition (Figure 1.2). Having just proven that the molecules in a gas at a particular 

temperature have energies statistically distributed about a mean, Maxwell postulated a 

tiny 'being' able to detect the velocities of individual molecules and open and close a 

hole in the partition so as to allow molecules moving faster than the average to move 

in one direction (R —+ L in Figure 1.2) and molecules moving slower than the average 

to move in the other (L — R in Figure 1.2). All the time, the number of particles in 

each half and the total amount of energy in the system remains the same. The result of 

the demon's endeavours being successful, of course, would be that one end of the 

system (the 'fast' end, L) would become hot and the other (the 'slow' end, R) cold; a 

temperature gradient is set up without doing any work, contrary to the Second Law. 

(a)Ø 	 0 	(b)Ø 
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Figure 1.2 (a) Maxwell's 'temperature demon' in which a gas at uniform temperature is sorted into 
'hot' and 'cold' molecules)' 51  Particles with energy higher than the average are represented by red dots 
while blue dots represent particles with energies lower than the average. All mechanical operations 
carried out by the demon involve no work - i.e. the door is frictionless and it is opened and closed 
infinitely slowly. The depiction of the demon outside the vessel is arbitrary and was not explicitly 
specified by Maxwell. (b) A Maxwellian 'pressure demon' in which a pressure gradient is established 
by the door being opened only when a particle in the left compartment approaches it)' 5  

After its publication in 'Theory of Heat' , J 15bl Thomson expanded upon Maxwell's idea 

in a papert2t1  read before the Royal Society of Edinburgh on 16 February 1874, and 

published a few weeks later in Nature, 1221  introducing the term 'demon' for Maxwell's 

being. 1  In using this word, Thomson apparently did not intend to suggest a 

malicious imp, but rather something more in keeping with the ancient Greek roots of 
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the word (more usually daemon) as a supernatural being of a nature between gods and 

humans. Indeed., neither Maxwell nor Thomson saw the demon as a threat to the 

Second Law, but rather an illustration of its limitations - an exposition of its statistical 

nature. This, however, has not been the view of many subsequent investigators, who 

have perceived the demon as an attempt to construct a perpetual motion machine 

driven by thermal fluctuations. The term 'Maxwell's Demon' has come to describe all 

manner of hypothetical constructs designed to overcome the Second Law by 

continually extracting energy to do work from the thermal bath. 1141  

Maxwell noted that the demon principle could be demonstrated in a number of 

different ways; a 'pressure' demon, for example, (Figure 1.2b) could sort particles so 

that more end up in one end of a vessel than the other, requiring different information 

to operate from the original temperature demon (the direction of approach of a 

particle, not its speed). 

Szilard's Engine 

Both Maxwell and Thomson appreciated that the operation of these Brownian-

particle-sorting systems appeared to rely on the demon's 'intelligence' as an animate 

being, but did not try to quantify this. Leo Szilard made the first attempt to 

mathematically relate the demon's intelligence to the thermodynamics of the process 

by considering the performance of a pressure-demon-based machine, Szilard' s Engine 

(Figure 1.3). 1 ' 7] 
 Szilard realized that the operations which the demon carries out can 

be reduced to a simple computational process. In particular, he recognized the process 

requires measurement of the approach of the particle to gain information about its 

direction and speed, which must be remembered and then acted upon. [241 
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(I)  4iD   () 

Figure 1.3 Szilard's Engine which utilizes a 'pressure demon'. 
(171  (i) Initially a single Brownian 

particle occupies a cylinder with a piston at either end. A frictionless partition is put in place to divide 
the container into two compartments ((i)—*(ii)). (ii) The demon then detects the particle and determines 
in which compartment it resides. (iii) Using this information, the demon is able to move the opposite 
piston into position without meeting any resistance from the particle. (iv) The partition is removed, 
allowing (v) the 'gas' to expand against the piston, doing work against any attached load. To replenish 
the energy used by the piston and maintain a constant temperature, heat must flow into the system. To 
complete the thermodynamic cycle and reset the machine, the demon's memory of where the particle 
was must be erased ((vi)—'(i)). In order to fully justify the application of a thermodynamic concept 
such as entropy to a single-particle model, a population of Szilard devices is required. The ensemble 
average over each of these can then be considered to represent the state of the system, comparable to 
the time average of a single multi-particle system at equilibrium, in a fashion similar to the statistical 
mechanics derivation of thermodynamic quantities. 

Smoluchowski's Trapdoor 

The concept of a purely mechanical Brownian motion machine which does not require 

any intelligent being to operate it was first explored by Marian von Smoluchowski 

who imagined the Maxwell system of two gas-containing compartments with a 

spring-loaded trapdoor in place of the demon-operated hole (Figure 1 .4a). 1  If the 

spring is weak enough, it might appear that the door could be opened by collisions 

with gas molecules moving in one direction (L -* R in Figure 1.4a) but not the other, 

and so allow transport of molecules preferentially in that direction, creating a pressure 

gradient between the two compartments. Smoluchowski recognized (although could 

not prove) that if the door had no way of dissipating the energy it gains from 

Brownian collisions it would be subject to the same amount of random thermal 

motion as the rest of the system and would not then function as the desired one-way 

valve. 

Feynman's Ratchet and Pawl 

Richard Feynman revisited these ideas in his celebrated discussion of a miniature 

ratchet and pawl - a construct designed to illustrate how the irreversible Second Law 

of Thermodynamics arises from the fundamentally reversible laws of motion. 
[181 
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Feynman's device (Figure 1.4b) consists of a miniature axle with vanes attached to 

one end, surrounded by a gas at temperature T1. At the other end of the axle is a 

ratchet and pawl system, held at temperature T2. The question posed by the system is 

whether the random oscillations produced by gas molecules bombarding the vanes can 

be rectified by the ratchet and pawl so as to get net motion in one direction. Exactly 

analogous to Smoluchowski's trapdoor, Feynman showed that if T1 = T2 then the 

ratchet and pawl cannot extract energy from the thermal bath to do work. Feynman's 

major contribution from the perspective of molecular machines, however, was to take 

the analysis one stage further: if such a system cannot use thermal energy to do work, 

what is required in order for it to do so? Feynman showed that when the ratchet and 

pawl are cooler than the vanes (i.e. T1  > T2) the system does indeed rectify thermal 

motions and can do work (Feynman suggested lifting a hypothetical flea attached by a 

thread to the ratchet). 1251  Of course, the machine now does not threaten the Second 

Law as dissipation of heat into the ratchet and pawl gas reservoir occurs, so the 

temperature difference must be maintained by some external means. Although 

insulating a molecular-sized system from the outside environment is difficult (and 

temperature gradients cannot be maintained over molecular-scale distances, see 

Section 1.4), what this hypothetical construct provides is the first example of a 

plausible mechanism for a molecular motor - whereby the random thermal 

fluctuations characteristic of this size regime are not fought against but instead are 

harnessed and rectified. The key ingredient is the external addition of energy to the 

system, not to generate motion but rather to continually or cyclically drive the system 

away from equilibrium, thereby maintaining a thermally-activated relaxation process 

that directionally biases Brownian motion towards equilibrium. 
1261 This profound idea 

is the key to the design of molecular-level systems that work through controlling 

Brownian motion and is expanded upon in Section 1.5. 
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Figure 1.4 (a) Smoluchowski's Trapdoor - an 'automatic' pressure demon (the directionally-
discriminating behaviour is carried out by a wholly mechanical device, a trapdoor which is intended to 
open when hit from one direction but not the other). 1161  Like the pressure demon shown in Figure 1.2b, 
Smoluchowski's Trapdoor aims to transport particles selectively from the left compartment to the right. 
However, in the absence of a mechanism whereby the trapdoor can dissipate energy it will be at 
thermal equilibrium with its surroundings. This means it must spend much of its time open, unable to 
influence particle transport. Rarely, it will be closed when a particle approaches from the right and will 
open on collision with a particle coming from the left - doing its job as intended. Such events are 
balanced, however, by the door snapping shut on a particle from the right, pushing it into the left 
chamber. Overall, the probability of a particle moving from left to right is equal to that for moving right 
to left and so the trapdoor cannot accomplish its intended function adiabatically. (b) Feynman's Ratchet 
and Pawl. 1181  It might appear that Brownian motion of the gas molecules on the paddle-wheel in the 
right-hand compartment can do work by exploiting the asymmetry of the teeth on the cog of the ratchet 
in the left-hand compartment. While the spring holds the pawl between the teeth of the cog, it does 
indeed turn selectively in the desired direction. However, when the pawl is disengaged the cog wheel 
need only randomly rotate a tiny amount in the other direction to move back one tooth whereas it must 
rotate randomly a long way to move to the next tooth forward. If the paddlewheel and ratchet are at the 
same temperature (i.e. T1 = 7'2) these rates cancel out. However, if T 1  t- 7'2  then the system will 
directionally rotate driven solely by the Brownian motion of the gas molecules. Part (b) reprinted with 
permission from ref. [18]. 

1.3.2 Machines that operate at low Reynolds number 

Whilst rectifying Brownian motion may provide the key to powering molecular-level 

machines, it tells us nothing about how that power can be used to perform tasks at the 

nanoscale and what tiny mechanical machines can and cannot be expected to do. The 

constant presence of Brownian motion is not the only distinction between motion at 

the molecular level and in the macroscopic world. In the macroscopic world, the 

equations of motion are governed by inertial terms (dependent on mass). Viscous 

forces (dependent on particle dimensions) dampen motion by converting kinetic 

energy into heat, and objects do not move until provided with specific energy to do so. 

In a macroscopic machine this is often provided through a directional force when 

work is done to move mechanical components in a particular way. As objects become 

less massive and smaller in dimension, inertial terms decrease in importance and 

viscosity begins to dominate. A parameter which quantifies this effect is Reynolds 

number (R) - essentially the ratio of inertial to viscous forces - given by equation (1) 
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for a particle of length dimension a, moving at velocity v, in a medium with viscosity 

and density p. 1271  

R= 	 (1) 
'7 

Size affects modes of motion long before we reach the nanoscale. Even at the 

mesoscopic level of bacteria (length dimensions —10 -5 m), viscous forces dominate. 

At the molecular level, Reynolds number is extremely low (except at low pressures in 

the gas phase or, possibly, in the free volume within rigid frameworks in the solid 

state) and the result is that molecules, or their components, cannot be given a one-off 

'push' in the macroscopic sense - momentum is irrelevant. The motion of a 

molecular-level object is determined entirely by the forces acting on it at that 

particular instant - whether they be externally applied forces, viscosity or random 

thermal perturbations and Brownian motion. Furthermore, the tiny masses of 

nanoscopic objects mean that the force of gravity is insignificant for them. Since the 

physics which governs mechanical dynamic processes in the two size regimes is 

completely different, macroscopic and nanoscale motors require fundamentally 

different mechanisms for controlled transport or propulsion. Moreover, the high 

surface area:volume ratios of molecules mean they are inherently sticky and this will 

have a profound effect on how molecular-sized machines are organized and interact 

with one another. In general terms, this analysis leads to a central tenet: while the 

macroscopic machines we encounter in everyday life may provide the inspiration for 

what we might like molecular machines to achieve, drawing too close an analogy for 

how they might do it may not be the best design strategy. The 'rules of the game' at 

large and small length scales are simply too different. 1'" 
12, 13,281 

1.4 Lessons to learn from biology 

Help is at hand, however, because despite all these problems, we know that motors 

and machines at the molecular level are conceptually feasible - they are already all 

around us. Nature has developed a working molecular nanotechnology that it employs 

to astonishing effect in virtually every significant biological process. 1111  Appreciating 

in general terms how nature has overcome the issues of scale, environment, 

13 



Chapter 1 	 Design Principles for Molecular Machines 

equilibrium, Brownian motion and viscosity is useful for indicating general traits for 

the design of synthetic molecular machine systems and how they might be used. 

The membranes which encase cells and their organelles allow the 

compartmentalization of cellular processes and constituents, thereby maintaining the 

nonequilibrium distributions essential for life. These lipophilic barriers contain a 

diverse range of functionality which facilitate the movement of various ionic and 

polar species through channels, via relays or the use of mobile carrier species. 
[291  A 

number of different mechanisms are employed to power motion from one 

compartment to another. Besides passive diffusion down a concentration gradient in 

the transported species, an electrochemical gradient (a transmembrane electrical 

potential, a concentration gradient or, most commonly, a combination of the two) 

originating from another species can be used. Such 'gradient pumping' mechanisms 

move one species against its concentration gradient at the expense of another gradient. 

Motion of the two species can be in the same direction (symport) or in opposite 

directions (antiport). If the sole power source is an electrical potential, only one 

species crosses the membrane (a uniport mechanism). These processes are governed 

by sophisticated control mechanisms which open or close highly selective channels, 

carriers and co-transporters in response to different stimuli, yet they all operate by 

relaxation down a directional transmembrane electrochemical gradient towards the 

thermodynamic equilibrium position. 

Maintaining the primary concentration gradients which are used to power subsequent 

secondary transport processes are a smaller number of ion pumps. These 

transmembrane mechanical devices convert non-directional chemical reactions (the 

most abundant family, the ATPases, harness the hydrolysis of ATP) into vectorial 

transport of ionic species against an electrochemical gradient. The precise 

mechanisms by which these devices operate are still a subject of intense investigation. 

However, certain principles are becoming apparent. in particular, changes in the 

binding affinity at selective sites in the transmembrane region of the pump must be 

coupled to conformational changes which also modulate access to these sites from 

either side of the membrane so that only motion in the desired direction is 

achieved. 1301 

A recent series of structures has revealed, in outline, how just such a mechanism 

operates in the sarcoplasmic reticulum C a2tATPase  pump. 1311  Calcium ions bind to 
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two high affinity sites which are open to the cytoplasm (B, Figure 1.5). 

Phosphorylation of the enzyme by ATP then results in a conformational change which 

shuts off access from either side (ratcheting 1321 ). Release of ADP is concomitant with 

a further conformational change which opens access to the lumen side and disrupts the 

Ca24  binding residues (A, Figure 1.5). The calcium ions are released (escapement [321) 

and swapped for protons which are subsequently occluded from the lumen by binding 

of a water molecule. Release of phosphate occurs with regeneration of the starting 

state, once again making the high-affinity Ca 2 -binding sites accessible to the 

cytoplasm. Similar mechanisms are thought to be responsible for the operation of the 

other members in the ATPase family. Exerting control over both binding affinities and 

transport kinetics in order to direct the transport of a Brownian particle in synthetic 

small-molecule systems is explored in Chapter 2. 

A 	 B 

% 
aU 

Figure 1.5 Crystal structures of the calcium-binding region in Ca 2 -ATPase in both low Ca2 -affinity 

(A) and high Ca2 *-affinity (B) conformations. 131  Calcium ions shown in green. Numbers correspond to 
specific protein helices. Crystal structure pictures reprinted with permission from ref. [30b]. 

Pumping of protons across the energy-transducing membranes of mitochondria, 

chloroplasts and photosynthetic and respiratory bacteria is a particularly important 

process as it generates the protonmotive force necessary to operate ATP synthase (and 

also directly or indirectly powers the secondary transport of other species across these 

membranes). The ways in which nature achieves this pumping function are 

surprisingly diverse (by contrast, ATP synthase is highly conserved across 

organisms) . 1331  In most examples, charge-separated states and electron transfer 

processes are used to generate transmembrane electric potentials. Overall, therefore, a 

directional electrochemical driving force is set up to drive the translocation of protons, 

somewhat similar to the gradient pumping secondary transport processes (vide supra). 

Proton transport is concomitant with resetting of the redox centres in processes often 

termed 'redox loops' or 'Mitchell 1oops'. 1  Only in the case of bacteriorhodopsin - 
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the photosynthetic centre of certain purple bacteria - does it appear that light energy is 

directly converted into protonmotive force by a purely conformational pumping 

mechanism. 1351  Again, the details of this process are not yet fully understood, but the 

correlation of conformational changes that control the direction in which the protons 

can move with changes in the affinity (i.e. pKa) of binding sites are likely to be 

involved. 361  

Nature also uses molecular machines to transport objects around within cells (e.g. 

kinesin or dynein); to move whole organisms or their parts (e.g. myosin or the 

bacterial flagellar motor); to process DNA and RNA (e.g. helicases or polymerases); 

to convert protonmotive force into the synthesis of ATP (ATP synthase); and for 

many other functions besides. In these cases too, much has been learnt about the 

various ways in which they perform their remarkable tasks yet, equally, much remains 

to be discovered about each before the precise mechanisms can be elucidated. [ "'  

Accordingly, we can see that there are many general and fundamental differences 

between biological molecular machines and the man-made machines of the 

macroscopic world. Listed below are what appear to us to be the most significant 

aspects of biological machines to bear in mind when considering synthetic molecular 

machine design. 

Biological machines are soft, not rigid - their constituent molecular structures 

are able to constantly sample a wide range of conformations. 

Biological systems operate at near-ambient temperatures, which are in turn 

determined by the organism's environment (heat is dissipated almost 

instantaneously at small length scales so temperature gradients at the cellular 

level cannot be exploited). 

Biological motors utilize chemical energy, in the form of covalent bond 

breaking/formation of high-energy compounds such as ATP, NADH and 

NADPH, or concentration gradients. 

Biomachines operate in solution, or at surfaces, under conditions of intrinsically 

high viscosity. 

Nature utilizes - rather than opposes - Brownian motion. Biomolecular 

machines need not use chemical energy to initiate movement - their 

components are constantly in motion - rather, they function by manipulating 

(ratcheting) that movement. Furthermore, constant thermal motion and small 
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'reaction vessels' (cells and their organelles) ensure that the mixing of 

biological machines, their substrates and their fuel is extremely rapid, in spite of 

the high viscosity they experience. 

The viscous environment and constant thermal motion mean that biological 

machines have no use for smooth, low-friction surfaces. Genuinely smooth 

features are not possible on the molecular scale, of course, since the machine 

component dimensions are close to the dimensions of the intrinsic unit of matter 

- the atom. 

Biomotors and other mobile molecular machines utilize architectures (e.g. 

tracks) which serve to restrict most of the degrees of freedom of the machine 

components and/or the substrate(s) they act upon. The molecular machine and 

the substrate(s) it is acting upon remain kinetically associated during the 

operation of the machine. For example, kinesin only functions as it 'walks' 

processively down a microtubule, not by simply binding to the microtubule at 

different places (i.e., not by completely detaching, exchanging with the bulk, 

and re-binding). Similarly, pumps work by internally compartmentalizing ions 

so that they cannot exchange with others outwith the machine. 

The operation and structure of biological machines are governed by noncovalent 

interactions (intramolecular and intermolecular), many of which exploit the 

aqueous environment in which the machines assemble and operate. 

Biological machines are made by combinations of multiple parallel synthesis 

and self-assembly processes utilizing a relatively small range of building blocks: 

amino acids, nucleic acids, lipids and saccharides. 

Living organisms intrinsically and necessarily function far from equilibrium - a 

state maintained by the compartmentalization of processes into cells, vesicles 

and organelles. 

We should also remember, however, that the mechanisms and function of 

biomolecular machines are restricted by evolutionary constraints. Over billions of 

years, evolution has led to machines of a complexity not yet possible through rational 

design, but it intrinsically proceeds through small iterations and tends to retain the 

first successful solution arrived at for each problem. The human molecular machine 

designer has at his or her disposal a much larger chemical toolbox, a wider range of 

possible operating conditions and a design approach that favours innovation. 
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Furthermore, whilst an appreciation of the characteristics of biological machines can 

give us broad clues about how to make molecular-level devices that exploit 

mechanical motion, we understand few of the precise details of how their designs 

work. How does an inherently mechanically directionless chemical reaction, the 

conversion of ATP into ADP, drive the directional motion of calcium ions by C2-

ATPase? What is the detailed nature of the conformational changes which can set-up 

or disrupt the highly selective binding sites? Why exactly do the movements of the 

individual peptide subunits that cause this to happen occur in that particular sequence? 

What are the details of the pathways connecting the binding sites with the outside? 

What is the role of the kinetics and thermodynamics of each amino acid in this 

mechanism? In fact, biological motors and machines are so complex that studying 

simple synthetic chemical systems may help in the understanding of exactly how they 

work. Likewise, finding out biology's solutions can only aid the design of 

sophisticated artificial systems. At present, however, much of the most detailed 

information for devising the basic mechanisms for synthetic molecular machines 

comes not from biology, but from nonequilibrium statistical mechanics. 

1.5 Lessons to learn from physics, mathematics and statistical 
mechanics 

1.5.1 Breaking detailed balance 

The Principle of Detailed Balance [37] states that, at equilibrium, transitions between 

any two states take place in either direction at the same rate so that no net flux is 

generated. This rules out the maintenance of equilibria by cyclic processes such as 

A—B--C--*A rather than AB + BC + CA (ref. [121) and is a formal indication 

that machines such as Smoluchowski's Trapdoor and Feynman's Ratchet and Pawl 

cannot operate adiabatically. However, in an out-of-equilibrium system (e.g. if T1 :A T2 

for the Feynman Ratchet and Pawl), 'detailed balance' is broken and as the system 

moves spontaneously towards equilibrium, net work can be done by the fluxional 

exchange process. 

To understand the mechanisms by which mechanical machines can operate at length 

scales on which Brownian motion occurs, it is useful to appreciate precisely why work 

can be done by a random exchange process between two states only while detailed 

balance is broken. A simple analogy helps illustrate why detailed balance holds in a 
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fluxionally exchanging system at equilibrium and the requirements necessary to break 

it. Consider a pair of scales with many ants running randomly between the two sides, 

the scales will be statistically balanced (but not necessarily horizontal, that only 

occurs if the pivot of the scale is positioned in the middle) and remain more or less 

steady at a stable angle. Even if a barrier is suddenly placed between the scales, 

stopping the two sides being in equilibrium, they remain balanced. However, if ants 

are added to one side or the other the scales become unbalanced and will tip 

accordingly. Remove the barrier and the ants (assuming they can overcome the effect 

of gravity!) resume scurrying between the two sides, eventually equilibrium - and 

balance - will be restored. Note that even if we start without the barrier in place, if 

ants are suddenly added to one side balance will be broken for some time - and the 

scale will tip - until the roaming ants establish equilibrium and balance is restored. 

The breaking of balance allows a task to be performed as the exchanging system 

returns toward equilibrium. The net displacement that arises as the scales tip over - or 

as they right themselves - could be used to lift a feather the scale was attached to. 

Breaking detailed balance is the key to doing work with a machine that operates at 

length scales on which Brownian motion occurs. 

During the past decade, a number of remarkable theoretical formalisms have been 

developed in mathematics (particularly game theory) and nonequilibrium statistical 

physics that explain how the directional transport of Brownian particles over periodic 

potential energy surfaces can occur from unbiased periodic or stochastic perturbations 

of the system?', 391 Underlying each of these Brownian ratchet or motor mechanisms 

are three components: [39b]  (i) a randomizing element; 1401  (ii) an energy input to avoid 

falling foul of the Second Law of Thermodynamics; and (iii) asymmetry in the energy 

or information potential in the dimension in which the motion occurs. 1411  It is now 

widely accepted that ratchet mechanisms have a central role in explaining the 

operation of biological motor proteins. 142 ' 431  They have also been successfully used to 

develop transport and separation devices for mesoscopic particles and 

macromolecules, microfluidic pumping and quantum and electronic applications. 
[43, 441 

For molecular-level motors and other machines, the necessary randomizing element 

can be Brownian motion of the substrate or the machine components. The other two 

requirements (energy and anisotropy) can be supplied in different ways according to 

the type of fluctuation-driven transport mechanism. 
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1.5.2 Fluctuation-driven transport mechanisms 

Many different possible types of theoretical fluctuation-driven ('Brownian ratchet') 

mechanisms have been proposed, including flashing ratchets, tilting ratchets, Seebeck 

ratchets, drift ratchets, Hamiltonian ratchets, temperature ratchets, entropic 

ratchets):39] They can be classified and grouped together in many different (not always 

mutually exclusive) ways, and mechanisms that might be indistinguishable in 

chemical terms can be differentiated because of the nature of the physics involved. 

Whilst it is not clear (at least to us!) how some of the theoretical mechanisms could be 

applied to molecular structures, many offer clear design opportunities for the synthetic 

chemist. The details of the various mechanisms have been discussed extensively in the 

physics literature, so we will limit our discussion here to some specific variations 

which appear particularly well-suited for chemical systems. We choose to distinguish 

between two overarching classes of mechanism: energy ratchets, which fall into two 

basic types - pulsating ratchets and tilting ratchets - and are the subject of a recent 

major review by Reimann; [39fl and information ratchets, which are much less common 

in the physics literature, but have been discussed by Astumian, Parrondo and 

others. [39h, 42b, 451 Both energy ratchets and information ratchets bias the movement of a 

Brownian substrateY 1  However, we will also see that they offer clues for how to go 

beyond a simple switch with a chemical machine, performing tasks through the 

nonequilibrium control of conformational and co-conformational changes within 

molecular structures. 

Pulsating ratchets [39f] 
 

Pulsating ratchets are a general category of energy ratchet in which potential energy 

minima and maxima are varied in a periodic or stochastic fashion, independent of the 

position of the particle on the potential energy surface. In its simplest form, this can 

be considered as an asymmetric sawtooth potential being repetitively turned on and 

off faster than Brownian particles can diffuse over more than a small fraction of the 

potential energy surface (an 'on—off' ratchet, Figure 1.6). The result is net directional 

transport of the particles across the surface (left to right in Figure 1.6). 
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Figure 1.6 An example of a pulsating ratchet mechanism - an on—off ratchet. 31  (a) The Brownian 
particles start out in energy minima on the potential energy surface with the energy barriers >> kBT. (b) 
The potential is turned off so that free Brownian-motion-powered diffusion is allowed to occur for a 
short time period (much less than required to reach global equilibrium). (c) On turning the potential 
back on again, due to the asymmetry of the potential, the particles have a greater probability of being 
trapped in the adjacent well to the right rather than the adjacent well to the left. Note this step involves 
raising the energy of the particles. (d) Relaxation to the local energy minima (during which heat is 
emitted) leads to the average position of the particles moving to the right. Repeating steps (b)-(d) 
progressively moves the Brownian particles further and further to the right. 

More general than the special case of an on—off ratchet, any asymmetric periodic 

potential may be regularly or stochastically varied to give a ratchet effect (such 

mechanisms are generally termed 'fluctuating potential' ratchets). As with the simple 

on—off ratchet, most commonly encountered examples involve switching between two 

different potentials and are therefore often termed 'flashing' ratchets. A classic 

example, which has particular relevance for explaining a number of biological 

processes [42b]  as well as being the basis for a [2]catenane rotary motor (see Chapter 3), 

is illustrated in Figure 1.7. It consists, in physical terms, of an asymmetric potential 

energy surface (comprising a periodic series of two different minima and two 

different maxima) along which a Brownian particle is directionally transported by 

sequentially raising and lowering each set of minima and maxima. The particle starts 

in a green or orange well (Figure 1.7a or 1.7c). Raising that energy minimum while 

lowering those in adjacent wells provides the impetus for the particle to change 

position by Brownian motion (Figure 1.7b -* 1.7c or 1.7d -p .7e). By 

simultaneously (or beforehand) changing the relative heights of the energy barriers to 

the adjacent energy wells, the kinetics of the Brownian motion in each direction are 

different and the particle is transported from left to right. Note that the position of the 

particle does not influence the sequence in which (or when or if) the energy minima 

and maxima are changed. Nor does the switching of the potential have to be regular. 
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As long as the relationship (be it simultaneous or sequential) between the switching of 

minima and maxima is maintained, the particle will tend to be transported from left to 

right in Figure 1.7, even though occasionally it may move over a barrier in the wrong 

direction. 

AEJ 

(b) f/  

 

 

 

Figure 1.7 Another example of a pulsating ratchet mechanism - a flashing ratchet. 142b1 For details of its 
operation, see main text. 

The basic pulsating ratchet requirements can also be realized in another way. A 

potential such as that shown in Figure 1.7a can be given a directional drift velocity. 

Such systems are often termed 'travelling potential' ratchets. This principle is 

essentially the same as macroscopic devices such as Archimedes' Screw, yet in the 

presence of thermal fluctuations these systems exhibit Brownian ratchet 

characteristics (particularly when the fluctuations are of similar energy to the barrier 

heights) and are closely related to tilting the potential in one direction (as discussed 

below). Clearly, however, an asymmetric potential is not absolutely required, nor in 

fact are thermal fluctuations; imagine, for example, a particle 'surfing' on a travelling 

wave on the surface of a liquid. This category of mechanism is at the boundary 
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between fluctuation-driven transport and transport due to potential gradients, with the 

precise location on this continuum dependent on the importance of thermal 

fluctuations and spatial asymmetry under the conditions chosen. The travelling motion 

does not have to be continuous, but rather may take place in discrete steps. 

Furthermore, arranging a continuously travelling potential to 'jump' distances which 

are multiples of its period, at random or regular intervals, can be used to escape from 

the inherent directionality of the travelling wave scheme and it has been shown that 

the ratchet dynamics are essentially unaffected. In the limit, this can be reduced to 

dichotomous switching between two spatially shifted potentials which are otherwise 

identical, which is very similar to a rocking ratchet (vide infra). 

Tilting ratchets 3  

In this category, the underlying intrinsic potential remains unchanged and detailed 

balance is broken by application of an unbiased driving force to the Brownian 

particle. Perhaps the most obvious unbiased driving force is heat, and ratchet 

mechanisms based on periodic or stochastic temperature variations are generally 

termed 'temperature' or 'diffusion' ratchets. In its simplest form (Figure 1.8), this 

mechanism is very similar to the on—off ratchet. Initially the thermal energy is low so 

that the particles cannot readily cross the energy barriers. A sudden increase in 

temperature can be applied so that /CBT is much greater that the potential amplitude, 

causing the particles to diffuse as if over a virtually flat potential energy surface 

(Figure 1.8b, cf. Figure 1.6b). Returning to the original, lower, temperature (Figure 

1.8c) is equivalent to turning the potential back on in Figure 1.6c and more particles 

will have moved to the next well to the right than to the left. Under this scheme, 

therefore, it seems that applying temperature variations to any process which involves 

an asymmetric potential energy surface could result in a ratchet effect. 
[411  in chemical 

terms, this means that the rotation of a chiral group around a covalent bond, at least in 

principle, can be made unidirectional in such a manner. 
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Figure 1.8 A temperature (or diffusion) ratchet. [39f] (a) The Brownian particles start out in energy 
minima on the potential energy surface with the energy barriers >> kT1. (b) The temperature is 

increased so that the height of the barriers is <<kBT2 and effectively free diffusion is allowed to occur 
for a short time period (much less than required to reach global equilibrium). (c) The temperature is 
lowered to T1  once more, and due to the asymmetry of the potential, each particle is statistically more 
likely to be captured by the adjacent well to the right rather than the well to the left. (d) Relaxation to 
the local energy minimum (during which heat is emitted) leads to the average position of the particles 
moving to the right. Repeating steps (b)-(d) progressively moves the Brownian particles further and 
further to the right. Note the similarities between this mechanism and that of the on—off ratchet shown 
in Figure 1.6. 

An unbiased driving force can also be achieved by applying a directional force in a 

periodic manner so that, over time, the bias averages to zero - a 'rocking' ratchet. The 

simplest form of this is shown in Figure 1.9. Periodic application towards the left and 

then right of a driving force that allows the particle to surmount the barriers (say, by 

applying an external field if the particle is charged) results in transport. Motion over 

the steep barrier is again most likely as it involves the shortest distance. Such a 

mechanism is physically equivalent to tilting the ratchet potential in one direction then 

the other. Of course, if the driving force is strong enough and is constantly applied in 

one direction or the other, thermal fluctuations are not necessary, which would then 

correspond to a power stroke. 
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Figure 1.9 A rocking ratchet. t 3  (a) The Brownian particles start Out in energy minima on the potential 
energy surface with the energy barriers >> k0T. (b) A directional force is applied to the left. (c) An 

equal and opposite directional force is applied to the right, such that, in the absence of an asymmetric 
underlying potential, the effect of step (b) is precisely balanced. (d) Removal of the force and 
relaxation to the local energy minimum leads to the average position of the particles moving to the 

right. Repeating steps (b)-(d) progressively moves the Brownian particles further and further to the 

right. 

Analogues of a rocking ratchet in which the applied driving force is a form of 

stochastic noise are known as 'fluctuating force' ratchets (in certain cases, also 

'correlation' ratchets). Finally, a tilting ratchet can be achieved in a symmetric 

potential if the perturbation itself results in spatial asymmetry (becoming very similar 

to the travelling-potential models discussed above). This may be rather obvious for 

the periodic force cases (imagine applying the electric field discussed above for 

longer in one direction than the other) but is less so for stochastic driving forces. In 

general, these mechanisms are known as 'asymmetrically tilting' ratchets. 

Information ratchets [39h 42b, 45] 

In the pulsating and tilting types of energy ratchet mechanisms, perturbations of the 

potential energy surface - or of the particle's interaction with it - are applied globally 

and independent of the particle's position, while the periodicity of the potential is 

invariant. Information ratchets (Figure 1.10, for example) directionally transport a 

Brownian particle by changing the effective kinetic barriers to Brownian motion 

depending on the position of the particle on the surface. In other words, the heights of 

the maxima on the potential energy surface change according to the location of the 

particle (this requires information to be transferred from the particle to the surface) 

whereas the potential energy minima do not necessarily need to change at all. This 

switching does not require raising the potential energy of the particle at any stage, 

rather the motion can be powered with energy taken entirely from the thermal bath by 
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using information about the position of the particle. This is directly analogous to the 

mechanism required of Maxwell's Pressure Demon (Figure 1.2b, Section 1.3.1), but 

does not break the Second Law of Thermodynamics as the required information 

transfer (actually, information erasure 
1481) has an intrinsic energy cost that has to be 

met externally. 

It appears to us that information ratchet mechanisms of relevance to chemical systems 

can arise in at least three ways: (i) a localized change to the intrinsic potential energy 

surface depending on the position of the particle (e.g. Figure 1.10); (ii) a position-

dependent change in the state of the particle which alters its interaction with the 

potential energy surface at that point; or (iii) switching between two different intrinsic 

periodic potentials according to the position of the particle. t 39  An example of the first 

of these types, in which the system responds to the 'information' from the particle by 

lowering the energy barrier to the right-hand side (and only to the right-hand side) of 

the particle, is shown in Figure 1.10. 

The particle starts in one of the identical-minima energy wells (Figure 1.1 Oa). The 

presence of the particle lowers the kinetic barrier for passage to the adjacent right-

hand well and it moves there by Brownian motion (Figure 1.1Ob - Figure l.lOc). At 

this point it can sample two energy wells by Brownian motion, and a random 

reinstatement of the barrier has a 50% chance of returning the particle to its starting 

position and a 50% chance of trapping it in the newly accessed well to the right 

(Figure 1.10d, of course a more efficient mechanism could be envisaged in which a 

second information transfer signals the occupation of the right-hand well and raises 

the barrier at this point only). The particle can no longer go back to the starting well 

but is now allowed access to the next well further to the right. Even though no 

enthalpic driving force ever exists for the particle to move from left to right, it is 

inevitably transported in that direction through such a mechanism. The potential 

surface in Figure 1.10 is asymmetric, but this is not necessary if some other means can 

be devised of directionally communicating the position of the particle (and therefore 

breaking spatial inversion symmetry). A synthetic molecular machine that operates by 

such a mechanism is discussed in Chapter 4. 
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Figure 1.10 A type of information ratchet mechanism for Brownian particle transport along a potential 
energy surface. 139 

Th 451 Dotted arrows indicate the transfer of information that signals the position of 
the particle. If the signal is distance dependent - say, energy transfer from an excited state causing 
lowering of an energy barrier - then the asymmetry in the particle's position between two barriers 
provides the 'information' which transports the particle directionally along the potential energy surface. 

Both energy ratchets and information ratchets could provide valid operating 

mechanisms for synthetic molecular-level machines. Furthermore, hybrid mechanisms 

appear to be possible. For example, using asymmetry in the Brownian particle (e.g. a 

cyclodextrin) rather than in the potential energy surface to induce directionality of 

motion. L491 Indeed, it seems that the realization of functioning synthetic chemical 

machine systems could have as much to offer theoretical nonequilibrium statistical 

physics as the other way around, just as progress in understanding biological 

molecular motors has both benefited from and stimulated developments in the physics 

field. 

A similar complementary relationship has recently arisen between the physics of these 

nonequilibnum systems and the mathematics of probability and game theory. While 

Brownian ratchet theories model the behaviour of a Brownian particle over 

continuous space and time, it has recently been shown that the such mechanisms can 

be discretized in space and time as two gambling games. The games are chosen such 

that, when each is played individually, the odds are stacked against the gambler, but 

paradoxically, when they are played in an alternating fashion (either periodically, or 
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randomly) the gambler tends to win. 501 This observation, which has come to be 

known as 'Parrondo's Paradox', provides a conceptual link between Brownian ratchet 

models of particles moving in changing potentials to any process where switching 

between two dynamics, in each of which some variable decreases ('losing'), can result 

in increases of that variable ('winning'). Applying the well-established language of 

probability theory presents different opportunities for analysis and suggests different 

fields of application for these models (such as economics and social dynamics, which 

already have established links with game theory and probability); illustrating the 

importance of ratchet theories in explaining a diverse range of fluctuation-driven 

phenomena. 

1.6 Design principles for synthetic molecular machines 

Theoretical fluctuation-driven transport mechanisms have generally been considered 

in terms of either two-minima potential energy surfaces or an infinitely repeating 

potential energy surface. The former can be the basis for molecular switches, while 

the latter can be employed directly as designs for molecular-level motors. [" ]  But what 

other general ideas can we glean from how these systems work from the viewpoint of 

designing other types of synthetic molecular-level machines that exploit Brownian 

motion? 

Asymmetry in some part of the fluctuation-driven transport cycle is necessary to 

ensure that time-reversal symmetry is broken, meaning that the particles 

undergo non-reciprocal motion during the operating cycle, generating a 

directional flux. This means that the particles are not subjected to the opposite 

of the initial transport process as the potential is being reset to begin another 

cycle. 

In all these mechanisms (e.g. Figures 1.6-1.10) we can see that the particles are 

always under the influence of the potential energy surfaces responsible for 

transporting them. Even in the on—off ratchet (Figure 1.6), the sawtooth 

potential can only be switched off for a short time. If it were switched off for 

long enough for the particles to reach an equilibrium distribution over the 

surface then the mechanism would not be able to directionally transport the 

particles progressively, it could only switch between one (average) equilibrium 
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distribution and another. In other words, for a machine to operate by these types 

of mechanisms which manipulate nonequilibrium states, Brownian substrates 

must remain kinetically associated with the machine throughout its operation - 

not necessarily in physical contact, but rather, not able to exchange with 

substrates in the bulk, which are not under the influence of the machine. (This is 

why we rule out host—guest complexes that are under thermodynamic control 

acting as such machines (Section 1.2).) Exchanging with the bulk while entering 

the machine at one end and when leaving at the other is allowed when the two 

bulk regions are themselves otherwise separated (e.g. a transmembrane pump). 

The particles in all fluctuation-driven transport mechanisms can be considered 

to be 'compartmentalized', in that at any moment the particles are free to move 

only over a localized area (which continually changes during the operating cycle 

of the machine). The compartment boundaries are not necessarily physical ones; 

when the sawtooth potential in the on—off ratchet in Figure 1.6 is switched off, it 

is the short time before the potential is reapplied that prevents the particles 

coming to global equilibrium over the surface. 

It is the manipulation of the Brownian particles in terms of which and when 

compartments are 'linked' (able to exchange particles) and the statistical 

balance of the populations of linked compartments with respect to the potential 

energy surface (in the case of energy ratchets) or information (in the case of 

information ratchets) that enables the transport mechanism to function. 

Energy ratchets (in which the Brownian substrate is passive) have been the most 

widely considered fluctuation-driven transport mechanisms in the physics 

literature. However, the components of chemical systems are not always 

passive. For molecular structures it seems likely that information ratchets 

(where the position of the Brownian particle or fragment affects the potential 

energy surface) will also prove ofgreat utility and importance. 

Fluctuation-driven transport mechanisms are often considered in terms of 

charged particles with electric fields being applied, typically to generate an 

infinitely repeating potential energy surface. In chemical systems, noncovalent 

interactions and binding interactions can provide the necessary changing 

potential energy surface, which can be of limited length and not uniform, with 
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the Brownian substrate being either another ion or molecule, or it could be 

another fragment of the same molecule. [521 
 

(vii) Although the mechanisms for fluctuation-driven transport have been developed 

to direct the flow ofparticles in a given direction, we can consider applying the 

same sorts of ideas to generate other sorts of none quilibrium distributions 

within molecular-level structures. It should be possible to design molecular-

level machine systems that are neither simple switches nor motors, by utilizing 

small numbers of real or virtual 'compartments' within a molecular (or 

supramolecular) structure that can be 'linked' (and 'unlinked') and 'balanced' 

(and 'unbalanced') in particular ways, perhaps using Boolean logic operations, 

and addressed via orthogonal inputs to perform some function (e.g. see the 

'sorting-and-separating' machine suggested in Chapter 2, Figure 2.7). 

Fluctuation-driven transport mechanisms are illustrative of the general 

principles through which nonequilibrium distributions of supramolecular, 

molecular and submolecular structures can be created, controlled, ordered and 

manipulated via inputs of energy. 

If biology, mathematics and physics provide the inspiration and strategies for 

controlling molecular-level motion, it is through chemistry that artificial molecular-

level machine mechanisms must be designed, constructed and made to work. The 

minimum requirements for such systems must be the restriction of the 313-motion of 

the machine components, the substrate, or both, and a change in their relative 

positions induced by an input of energy. 

In the following Chapters, these requirements are met by the remarkable 

characteristics of interlocked molecules [531 - particularly, catenanes and rotaxanes - 

which provide remarkable scope for applying the above principles to the control of 

motion in synthetic molecular systems. Even though the interlocked components in 

these molecules are not covalently connected, catenanes and rotaxanes are molecules 

- not supramolecular complexes - as covalent bonds must be broken in order to 

separate the constituent parts. In these structures, 1541  the mechanical bond severely 

restricts the relative degrees of freedom of the components in several directions, while 

often permitting extraordinarily large amplitude motion in an allowed vector. This is 

in many ways analogous to the restriction of movement imposed on biological motors 

by a track1551  and is one reason interlocked structures continue to play a central role in 
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the development of synthetic molecular machines.' 
lh. Im, 561 (For more details on 

specific examples, refs. [I m, 56m] can be found reprinted in the Appendix.) 

The above principles (which, ills interesting to note, are equally relevant for the 

design of interacting chemical reaction cascades and catalytic cycles that operate far 

from equilibrium) are used to develop the concepts for compartmentalized molecular 

machines, as described in Chapter 2. These are then employed and extended in 

molecular realizations of an energy ratchet and an information ratchet in Chapters 3 

and 4, respectively. Following these fundamental considerations, in Chapter 5 we 

return to the well-established concept of rotaxane-based molecular shuttles 
[1c, lh, mi, 561 

in order to explore a new series of chemical structures that can be used to control the 

thermodynamics and kinetics for motion of a Brownian particle. Furthermore, we 

explore the operation of such devices on surfaces. Both these types of investigation 

are essential in the ongoing development of molecular machines - irrespective of 

mechanism - towards technological applications. 
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Chapter 2 
	

Compartmentalized Molecular Machines 

Synopsis 

In Chapter 1, the principles for designing molecular-level machines were explored by 

considering the problem from a number of different perspectives. A key feature that 

allows Brownian particles to be driven energetically uphill is 'compartmentalization' 

of the machine and control over the kinetics for exchange between compartments. 

Stimuli-responsive molecular shuttles - the classic synthetic molecular machines 

constructed form rotaxanes and catenanes - have no such control, and at all times 

exhibit equilibrium distributions of macrocycle between the stations. 

Here we correlate chemical (covalent), physical (thermodynamic), and statistical 

(population distribution) descriptions of behaviour with the way that two new types of 

simple compartmentalized molecular machines (the threads of rotaxanes) perform the 

task of transporting a Brownian substrate (the rotaxane macrocycle) between two 

distinguishable binding sites. The first machine—substrate ensemble is a [2Jrolaxane 

that operates through a mechanism that intrinsically causes it to change the average 

position of the macrocycle irreversibly - unlike stimuli-responsive molecular shuttles, 

which act as reversible molecular switches. The second system is a molecular 

machine that is able to pump its substrate energetically uphill using the energy 

provided by a photon by means of an olefin photoisomerization. Resetting this 

compartmentalized molecular machine does not undo the work it has carried out or 

the task performed, a significant difference to a simple molecular switch and a 

characteristic we recognize as 'ratcheting'. 
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The ratcheting mechanism allows the [2]rotaxane to carry out the transport function 

envisaged for the historical thought-machines Smoluchowski 's Trapdoor and 

Maxwell 's Pressure Demon, albeit via an unrelated mechanism and using an input of 

energy. The terms 'ratcheting' and 'escapement' are defined  and exemplified in 
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mechanical terms for the molecular level and the fundamental phenomenological 

differences that exist between what constitutes a two-state Brownian switch, a two-

State Brownian memory or 'flip-flop' and a (two-stroke) Brownian motor are 

outlined. We also suggest that considering the relationship between the parts of a 

molecular machine and a substrate in terms of 'statistical balance' and 'linkage' 

could be useful in the design of more complex systems, and in helping to understand 

the role of individual amino acids and peptide fragments during the directional 

transport of substrates by biological pumps and motors. 
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2.1 Introduction 

In recent years it has proved possible to design synthetic molecular systems in which 

positional displacements of submolecular components result from moving 

energetically downhill, 111  but what are the structural features necessary for molecules 

to convert chemical energy into mechanical work? How can we make a synthetic 

molecular machine that pumps ions against a gradient, say, or moves itself or a 

substrate energetically uphill along a track? We know that nature has developed such 

machines and refined them to a high degree of efficiency 
[21 and yet the chemistry 

literature is surprisingly poor when it comes to the fundamental guidelines necessary 

to invent them. Here we examine the way that some simple molecular machines carry 

out the task of transporting a particle along a one-dimensional, two minimum, 

potential energy surface and attempt to correlate the chemical (covalent structure), 

physical potential (thermodynamic and kinetic properties governed by attractive and 

repulsive noncovalent interactions), and statistical (population distribution) behaviour 

of the system with aspects of the task performance. The results begin to provide the 

phenomenological framework necessary for chemists to design more complex 

compartmentalized molecular-level machines (assemblies of simpler machines that 

each act as components by performing a set task). It may also prove useful in 

understanding the roles played by individual submolecular fragments during the 

operation of biological machines. 

2.2 The two-compartment Brownian particle 'thought-machines' 

The design of tiny machines capable of transporting Brownian particles selectively 

between two compartments - i.e. effectively along a one-dimensional, two minimum, 

potential energy surface - was the subject of several celebrated historical 'thought-

machines' (Figure 2.1, see Chapter 1 for more details) 
.13-71  Both Maxwell's Demon 141 

(Figures 2.1a and 2.1b) and Smoluchowski's Trapdoor 151  (Figure 2.1d) were 

concerned with trying to set up temperature or pressure gradients in systems 

containing multiple Brownian particles through their controlled exchange between 

two compartments; Szilard's Engine E61 (Figure 2.1c) endeavoured to utilize the 

pressure exerted by one Brownian particle located in one of two compartments to do 

work. The behaviours of all four 'Gedankenmaschinen' were considered without an 
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external energy source (other than a heat reservoir at the same temperature as the 

Gedankenmaschine system) - their purpose was to test the nature of the Second Law 

of Thermodynamics, not to see how a working Brownian machine could be achieved 

(that was probably first discussed 17, 81 by Feynman). However, modern synthetic 

routes allow us to make molecules in which the Brownian motion of substrates does 

occur between two well-defined locations, e.g. rotaxane-based molecular shuttles. 

This enables us to re-visit the question of how to transport a Brownian particle 

between two distinguishable sites, not from the point of view of doing so 

adiabatically, but rather to see how such a task can be performed by a molecular-level 

machine. 

(vi 

-E- -EE 

a 

Id) 

L 

 ::•. 

• •I • 

• 

•. 1.46 •. 

Figure 2.1 Examples of two-compartment Brownian 'thought-machines' (for more details, see Chapter 
I): (a) Maxwell's temperature demon' in which a gas at uniform temperature is sorted into 'hot' and 
'cold' molecules. 141 Particles with energy higher than the average are represented by red dots while blue 
dots represent particles with energies lower than the average. (b) A Maxwellian 'pressure demon' in 
which a pressure gradient would be created if the door was only opened when a particle in the left 
compartment approached it.t" (c) Szilard's Engine, which attempts to do work with a piston using heat 
drawn from an external reservoir by a pressure demon. 161  (i) Initially, a single Brownian particle 
occupies a cylinder with a piston at either end. A frictionless partition is put in place to divide the 
container into two compartments ((i)—(ii), unlinking stimulus). (ii) The demon then detects the particle 
and determines in which compartment it resides (the left (L) compartment in the depicted example). 
(iii) Using this information, the demon is able to move the opposite piston into position without 
meeting any resistance from the particle. (iv) The partition is removed (linking stimulus), allowing (v) 
the 'gas' to expand against the piston, doing work against any attached load. To replenish the energy 
used by the piston and maintain a constant temperature, heat must flow into the system. To complete 
the thermodynamic cycle and reset the machine, the demon's memory of where the particle was must 
be erased ((vi)—'(i)). (d) Smoluchowski's Trapdoor - an 'automatic' pressure demon. The directionally 
discriminating behaviour is carried out by a wholly mechanical device, a trapdoor that is intended to 
open when hit from one direction but not the other (note, this still involves the communication of 
information between the particle and the machine; the demon is incorporated into the door 
mechanism). 151  
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2.3 Rotaxanes and molecular shuttles 

Rotaxanes are chemical structures in which one or more macrocycles are 

mechanically prevented from dc-threading from linear chains by bulky 'stoppers'. 191  

Even though the rings are not covalently attached to the threads, rotaxanes are 

molecules - not supramolecular complexes - as covalent bonds must be broken in 

order to separate the components from each other.19 101  The interactions generally used 

to direct the synthesis of rotaxanes often 'live-on' in the product, providing a well-

defined binding site or 'station' for the ring on the thread. If two or more stations are 

present on a thread with a traversable path between them the rotaxane can be 

considered a 'molecular shuttle't111  in which the ring is incessantly and randomly 

exchanged between the binding sites. 1121  Stimuli-responsive molecular shuttles are 

rotaxanes in which the net position of the macrocycle on the thread (i.e. the statistical 

distribution of the ring between the stations) changes in response to external triggers 

(light, ( " ]  heat,[ 141  electrons, 1151 chemical,t161  pH, 1 ' 71  binding events,t'81  etc.). Generally, 

the external stimulus alters the structure of one of the binding sites so as to change the 

relative binding affinities of the stations for the macrocycle, placing the system out of 

co-conformationalt 191  equilibrium. Relaxation towards the new global minimum 

subsequently occurs by the macrocycle moving along the thread. A typical 

example 1 ' 31  of a light-switchable amide-based molecular shuttle is shown in Scheme 

2.1. 
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Scheme 2.1 A previously reported 131  [21rotaxane. 1, that functions as a stimuli-responsive molecular 
shuttle. At 254 nm the photostationary state is 6 1:39 E:Z,11  at 312 nm it is —50:50 and at 350 nm with 

3  a benzophenone sensitizer it is 40:60 E:-"' and can be increased up to 30:70 E:Z 2Oil for some 
derivatives. 

However, we can also think of stimuli-responsive molecular shuttles in another way; 

we can consider just the thread portion of such a molecule as a machine that 

directionally transports a particle - the interlocked macrocycle - between two sites 

45 



Chapter 2 	 Compartmentalized Molecular Machines 

(compartments) on a one-dimensional potential energy surface. E201  The significance of 

considering a rotaxane in this way is that over the past decade physicists have 

developed formal theoretical mechanisms, deeply rooted in nonequilibrium statistical 

mechanics, which explain how the directional transport of Brownian particles can 

occur from periodic changes in a potential energy surface (e.g. by applying an 

oscillating electric field). [21, 221 Many different possible types of these theoretical 

Brownian ratchet' mechanisms have been suggested, including energy ratchets, 

information ratchets, flashing ratchets, tilting ratchets, and rocking ratchets (see 

Chapter 1)J 1  These mechanisms have been successfully applied to the development 

of transport and separation devices for mesoscopic particles and macromolecules, 

microfluidic pumping, and quantum and electronic applications, [23, 241 and have also 

been shown to successfully account for the general principles that govern the 

operation of complex biological motors. 1124' 
251  However, to date it is not known how 

such theoretical mechanisms correlate with the changes that occur in molecular 

structure during the operation of biological machines. What do individual peptide 

fragments do in order to bring about transport of an ion or molecule by a Brownian 

ratchet mechanism and why? We wondered whether examining how these principles 

can be applied to some much less sophisticated (in terms of function as well as 

structure) synthetic molecular machines could tell us something about how they might 

apply to more complex systems, both artificial and natural. 

2.4 The statistical balance of a dynamically exchangeable substrate 
or quantity (The Principle of Detailed Balance) 

If we ignore the normally small population of rings on the thread, at equilibrium the 

macrocycle in a molecular shuttle can be considered to continuously fluctuate 

between the two stations. However, even for a molecular shuttle with two different 

stations, at equilibrium no net task can be performed by these movements. This is a 

consequence of the 'Principle of Detailed Balance'; [261  at equilibrium transitions 

between any two states take place in either direction at the same rate so that no flux is 

generated. This rules out the maintenance of equilibria by cyclic processes such as 

A—B----'C--A rather than AB + BC + CA (ref. [21b) and is a formal 

indication that a machine such as Smoluchowski's Trapdoor (Figure 2.1d) cannot 

operate (at least not in the way originally envisaged). However, in an out-of- 
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equilibrium system, detailed balance is broken and as the system moves 

spontaneously towards equilibrium net work can be done by the fluxional exchange 

process. It is well established that breaking detailed balance is a requirement for doing 

work with stochastic transport systems. 
1221 However, we recently pointed out that 

detailed balance could be considered to result from two separate properties of a 

system: the statistical distribution of a quantity (an imbalance in which provides the 

thermodynamic impetus for net transport) and the ability of that quantity to be 

dynamically exchanged (which provides the communication necessary for transport to 

occur). It is no coincidence that all four of the Gedankenmaschinen shown in Figure 

2.1 disconnect the compartments at various stages during their operation in order to 

try and achieve net particle transportation. The molecular examples in this paper (vide 

infra) show that the deconvolution of the statistical 'balance' and the 'linkage' of 

compartments is useful for establishing the phenomenological nature of ratcheting and 

escapement (the counterpart to ratcheting) in Brownian transport processes. 

2.5 Systematic behaviour of some simple molecular machines 

Let us consider how a stimuli-responsive rotaxane such as 1 (Scheme 2.1) performs 

the mechanical task of changing the average position of the ring along the thread. So 

that we can clearly see how the system evolves as this task is performed we will 

represent it at each stage (Scheme 2.2) in terms of the covalent structure of the 

machine, that is the thread (chemical status), the average potential energy surface 

(physical status of the machine, governed by noncovalent interactions - attractive 

forces between machine and substrate such as hydrogen bonding, and repulsive forces 

such as steric barriers), and the statistical distribution of the substrate being 

transported (the macrocycle). In these types of schemes, which we shall call 

'machine-performance representations', we will use bold numbers to show different 

systems (1, 2, 3... etc.) and lettered suffixes to differentiate states of the system (1A, 

lB. 1C... etc.). In Scheme 2.2 we assume the photostationary state is 50:50 E:Z, and 

that the preferred ratio of occupancy between fumaramide (green) and succinamide 

(orange) stations is 90:10 and between maleamide (dark blue) and succinamide 10:90. 
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Scheme 2.2 (a) Description of E-1 and Z-1 in covalent, thermodynamic and statistical terms, assuming 
a 90: 10 distribution of translational isomers in each olefin diastereomer. (b) 'Machine-performance 
representation' of the forward (IA—sIC) and backward (IC—sIA) operations of machine—substrate 
system I, assuming a 50:50 olefin mixture at the photostationary state. The chemical structure of the 
machine (thread) is shown at each stage in cartoon form with the fraction of olefin diastereomers 
indicated in terms of colour of a station. The potential energy surface shown is the average potential 
energy surface of the thread for the macrocycle at that stage of the machine operation, i.e. the 
appropriately weighted combination of the potential energy surfaces for each of the olefin 
diastereomers (see (a)) contributing to the mixture. The population trace shows the overall distribution 
of the substrate over the machine. 

The initial state of the system (1A) is statistically balanced. The average position of 

the macrocycle (from the Boltzmann distribution) is very close to the green station. A 

photonic stimulus ('balance-breaking stimulus') causes isomerization of some of the 

olefins from E to Z, putting the position of the macrocycle in the molecules that are 

isomerized momentarily out of equilibrium (lB. similarly 1D). The system acts to 

restore balance through biased Brownian motion of the macrocycles and we arrive at 

48 



Chapter 2 	 Compartmentalized Molecular Machines 

the final state, 1C. The change in state between lB and 1C (and also between 1D and 

LA) is not triggered externally, rather it is a thermally activated relaxation step, in 

which the average position of the macrocycle (given by the Boltzmann distributions 

within the olefin isomers multiplied by their contribution to the photostationary state) 

moves along the thread towards the orange station. Note, however, that the machine - 

the thread - cannot use the energy from the photon to perform the transportation task 

in such a way that the position of the substrate becomes independent of the state of the 

machine; applying a second stimulus to reset the machine (e.g. adding piperidine to 

reform the E-olefin of the thread) undoes the net displacement of the macrocycle 

(1C-1A). 

Now let us consider a new type of rotaxane system, 2, in which a stimuli-induced 

change of position of the macrocycle also occurs but through a clearly different 

mechanism to the previous shuttle (Scheme 2.3). In 2 the two stations are structurally 

identical (but distinguishable - note the differently depicted stoppers) and a bulky 

group acts as a barrier which prevents the ring from moving between them. If we start 

with 100% of the rings on the first station, succl-2, 1271  and then remove the barrier, 

the system moves towards equilibrium, causing an average displacement of the 

macrocycle of half the distance separating the two stations. 

or( 

r (  
100%succl-2 

Cly 4/ 
0 

SIR 

(i) de-silylation 
(,i) re-sdylatioa 	 succl-2 

* 	SiR3  

succ2.2 

50:50 mixture of succ1-2 and succ2-2 

Scheme 2.3 A type of [2]rotaxane that can act as an irreversible mechanical switch. R 3 SiO— is a silyl 
ether that is too bulky to allow macrocycle exchange between the succinamide stations. 

Again, we can see how this system evolves more clearly using a 'machine-

performance representation' (Scheme 2.4). Unlike system 1, machine—substrate 

system 2 starts out statistically unbalanced (2A). The stimulus required is also 

different from that used in the first system: a 'linking stimulus' lowers the barrier 

between the two stations (2B), allowing the system to fulfil the impetus to restore 
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balance and move to equilibrium by biased Brownian motion of the macrocycle (2C, 

note that the energy well-depths of the two stations are the same; the macrocycle is 

not held more tightly by the station it moves to). Raising the barrier by applying an 

'unlinking stimulus' resets the machine - the thread - but this time the task it has 

performed is not undone (2D). However, we note that if we try applying the linking 

stimulus again after the machine is reset, the machine does not change the average 

position of the macrocycle because the system is already statistically balanced 

(Scheme 2.4). 

(a) 	 succl-2 

Ponkntial energy surface of thread 

L: 
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Scheme 2.4 (a) Description of succl-2 in covalent, thermodynamic and statistical terms. (b) 'Machine-
performance representation' of a [2]rotaxane that acts as an irreversible mechanical switch. 2A: The 
macrocycle is locked on one of the two energetically identical but distinguishable stations by a large 
kinetic energy barrier. 213: A linking stimulus lowers the barrier. 2C: The thermal bath restores 
equilibrium via biased Brownian motion. 2D: An unlinking stimulus resets the machine. Note that 
repeating the cycle of chemical reactions would not change the distribution of the macrocycle for a 
second time. 
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This stimuli-induced irreversible net change of position of the macrocycle represents a 

new type of molecular shuttle in phenomenological terms and so we prepared an 

experimental example, 3, in single translational isomer form (succl-3) according to 

Scheme 2.5. The unoccupied thread, 4, was also synthesized as a comparison for 'H 

NMR purposes. To be able to distinguish between the two succinamide stations 

through 'H NMR spectroscopy, but still keep them similar in terms of macrocycle 

binding affinity, the terminal right-hand side (as depicted in Scheme 2.5) amide group 

was derivatized with a phenyl group. Aryl-substituted tertiary amides preferentially 

adopt an anti-arrangement of the alkyl groups so there is no complication with slowly 

interconverting rotamers in the 'H NMR spectra. 121, 291 (Tertiary aryl-substituted 

fumaramide groups are excellent templates for benzylic amide macrocycle rotaxane 

formation.t 301 ) A 4-picolyl fragment provides the necessary bulk for the rest of the 

stopper. 

The synthetic route to succl-3 is worthy of some comment. The 'gated' spacer that 

separates the two stations was prepared by double alkylation (orthogonal amine 

protecting groups) and subsequent Krapcho decarboxylation t311  of dimethyl malonate 

(Scheme 2.5, (i)-(v)). A fumaramide group was then attached, both to maximize the 

yield of rotaxane formation (step (viii), 68%) and to provide a common route for the 

synthesis offum-E-5 (vide infra). Unmasking of the Fmoc-protected amine, followed 

by coupling with a succinic acid derivative (step (ix)) was followed by hydrogenation 

(step (x)) of the fumaramide moiety. Perhaps surprisingly, the macrocycle appears to 

offer no significant protection to the thread functionality in this step, [321  which readily 

affords the two station rotaxane, 3, as a single translational isomer, succl-3 (however, 

careful solvent selection is necessary to avoid cleavage of the silyl ether [331). 
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Scheme 2.5 Synthesis of single translational isomer [2]rotaxanes succl-3 and fum-E-5 and the 
corresponding threads, 4 and E-6. Reaction conditions (unless otherwise stated, reactions were carried 
out at room temperature): (I) a. NaN, THF, 0 °C to 40 °C, 2 h; b. Bu 4NI, N-benzyloxycarbonyl-5-

bromo-I-pentylamine, THF, reflux, 12 h, 88%; (ii) a. NaH, THF, 0°C to r.t, 2h; b. Bu4NI, N-
allyloxycarbonyl-5-bromo-1-pentylamine, THF, reflux, 12 h, 58%; (iii) LiCI, DMSO, H 20, 160'C, 
4 h, 66%; (iv) diisobutylaluminium hydride (IM in toluene), THF, —78 °C, 4 h, 68%; (v) a. PhS1H 3 . 
Pd(PPh3 )4, CH202 , 45 mm; b. fluorenylmethyichloroformate (Fmoc-C1), Et 1N, 45 mm, 56%; (vi) a. H 2 . 
10% Pd/C, HCI (IM in Et,O), MeOH, I atm, I h; b. (E)-3-(2,2-diphenylethylcarbamoyl)-acrylic acid, 
I -[3-dimethylam inopropylj-3 -ethylcarbodiimide hydrochloride (EDCI . I-IC I), 1 -hydroxybenzotriazole 
hydrate (HOBtI-1 20), Et3N, CH2Cl2, 0 °C to rt, 4 h, 60%; (vii) tert-butyldimethylsilyl chloride 
(TBDMSCI), imidazole, 4-(dimethy lam ino)pyrid ine (DMAP), CH2Cl 2, 2 h, 63%; (viii) p-
xylylenediamine, isophthaloyl dichloride, Et 3N, CHCI 3 , 3 h, 68%; (ix) a. piperidine, THF/CH 1CN (1:3), 
2.5 h; b. 4-oxo-4-(phenyl(pyridin4-ylmethyl)amino)butanoic acid, EDC I HCl, HOBtH 20, Et3N, 
CH 202, 0 °C to rt, 14 h, 47% (E-6), 48% (fum-E-5); (x) H2, 10% Pd/C, THF, I atm, 6 h, 90% (4), 90% 
(succl-3). For full experimental details, see Section 2.9.2. 
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The system functions (Scheme 2.6) as predicted in Scheme 2.4. De-silylation of 

succl-3 (Scheme 2.6, step (i)) followed by re-silylation (step (ii)) afforded a —1:1 

mixture of the two translational isomers of 3. Note, because succl-3 and succ2-3 are 

not in equilibrium with each other, unlikefum-E-1 and succ-E-1 for example (Scheme 

2.1), the translational isomers of 3 are actually diastereoisomers. 110' The 1 H NMR 

spectra of the machine in the absence of the substrate (i.e. the free thread, Figure 

2.2a), 1291  the machine—substrate ensemble in its initial state (Figure 2.2b), and after 

application of the linking and unlinking stimuli (Figure 2.2c) are shown in Figure 2.2. 
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Scheme 2.6 Chemical representation of the irreversible net translocation of the macrocycle that occurs 
through the transformation succl-3 - [succ2-3 + succl-31 (50:50 ±2). Reaction conditions: (i) 80% 
aqueous acetic acid, 60T, I h; (ii) TBDMSCI, imidazole, DMAP, CH 2CI,, rt, I h. For full 
experimental details, see Section 2.9.1. 
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Figure 2.2 1 H NMR Spectra (400 MHz, CDCI 3 , 298 K) of: (a) free thread 4; (b) succl-3; (c) mixture of 
translational isomers succ/-3 and succ2-3 after the two step operation (Scheme 2.6, (i) and (ii)). 
Integration shows the succl-3:succ2-3 ratio in (c) is 50:50 (+ 2%). The 1 H NMR assignments and 
colouring correspond to the labelling in Schemes 2.5 and 2.6. Residual water peaks are shown in grey. 

Again, let us consider what the mechanism of operation of the machine is: the stimuli 

applied to 3 switch 'on' and 'off whether the stations are able to exchange the 

macrocycle or not. Linking of two parts of the machine which interact with the 

substrate allows the system to move towards equilibrium, that is towards a statistically 

balanced state. This is a molecular-level form of 'escapement', the element of the 

mechanism that controls the release of potential energy to drive mechanical motion in 

clocks and other macroscopic mechanical devices. [34] 

Let us combine the features of the first two rotaxanes, 1 and 3, to invent a third type 

of molecular machine system, 5, and see how it functions. Rotaxane S was 

synthesized as a single configurational and translational isomer, fum-E-5, along with 

the corresponding thread E-6, according to Scheme 2.5. The reaction profile of this 

rotaxane is outlined in Scheme 2.7 in standard chemical terms and its performance as 

a machine—substrate ensemble is shown in Scheme 2.8. 
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Scheme 2.7 Chemical representation of the operation of machine—substrate system 5. Reaction 
conditions: (i) 80% aqueous acetic acid, 60 °C, I h; (ii) liv at 312 nm (5 x 5 mm irradiation), 351  CH2Cl2 , 
rt; (iii) TBDMSCI, imidazole, DMAP, CH 2Cl2, rt, I h; (iv) piperidine, CH7Cl 2 , rt, 12 h, quantitative. 
For full experimental details, see Section 2.9.1. 
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Scheme 2.8 (a) Description of fum-E-5 and mal-Z-5 in covalent, thermodynamic and statistical terms. 

(b) 'Machine-performance representation' of a compartmentalized molecular machine that can 
transport a substrate energetically uphill and be reset without undoing the task. SA: Initially balanced 

and unlinked. 5B: Unbalanced and unlinked. 5C: Unbalanced and linked (detailed balance is broken). 
5D: Balanced and linked. 5E: Balanced and unlinked. 5F: Unbalanced and unlinked. Note the 

chemical structure of the thread in 5F is identical to that in 5A - the machine has been reset - but the 

population distribution of the macrocycle has changed. The machine has successfully utilized the 
energy of the photon, via the olefin isomerization reactions, to do the work required to transport the 
substrate energetically uphill. The stimuli correspond to the reaction conditions given in Scheme 2.7. 
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The xylylene rings of the macrocycle shield the regions of the thread that they 

encapsulate and the resulting shifts in the 'H NMR spectra are diagnostic of the 

position of the macrocycle on the thread. 1 ' 31  Thus, the operation of the machine and 

its effect on the substrate can be followed by 'H NMR spectroscopy (Figure 2.3). In 

particular, it is instructive to observe the change in intensity of the unoccupied 

fumaramide station protons I-11 and He' (1-Li and He  in E-6) during the operation of the 

machine. In the free thread they appear as a pair of doublets at 6.86 ppm and 7.02 

ppm (Figure 2.3a); they are absent in the spectrum of pure fum-E-5 (Figure 2.3b); in 

the statistically balanced (unlinked) system (Figure 2.3c) they account for —15% of 

the overall population; in the final ratcheted system (Figure 2.3d) they are —56% of 

the reaction mixture. 

So, in Scheme 2.8, the two parts of the machine start out (5A) statistically balanced 

(85% of the macrocycles on the fumaramide station; 15% on the succinamide station) 

and unlinked (and therefore not in equilibrium). A balance-breaking stimulus (hv at 

312 rim, [351  which generates a 49:51 ± 2% E:Z photostationary state by 'H NMR, not 

shown) is applied, giving 5B. Removal of the barrier ('linking stimulus'; 80% 

aqueous acetic acid) gives SC and allows balance to be restored through moving to 

equilibrium by biased Brownian motion of the ring (5D). Restoring the barrier 

('unlinking stimulus'; TBDMSC1, base) makes the system unlinked and not in 

equilibrium, although statistically balanced (SE). The resetting step (a different 

balance-breaking stimulus; catalytic piperidine, to promote the Z--+E olefin 

isomerization), makes the system statistically unbalanced, unlinked, and not in 

equilibrium (5F). 

After the operational cycle of the machine (i.e. 5F) the unoccupied fumaramide 

station protons Hr and He ' account for —56% of the reaction mixture (Figure 3d).t 361  

Given that the photostationary state from irradiation of E-5 at 312 nm is 49:51 ± 2% 

E:Z, and that the statistically balanced distribution of the macrocycle is 85:15 between 

the Jiim and succ stations of E-5 (Figure 2.3c), the final 44:56 fum-E-5:succ-E-5 ratio 

indicates that the equilibrium distribution of translational isomers between the mal 

and succ stations in the de-silylated (linked) derivative of Z-5 is —5:95 in CH202 at 

room temperature. 1371  The transportation of the macrocycle in S is repeatedly 

reversible between the statistically balanced 85:15 and statistically unbalanced 44:56 

ratios offum-E-5 to succ-E-5. 1381  
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Figure 2.3 'H NMR Spectra (400 MHz, CDCI 3, 298 K) of: (a) free thread E-6; (b) fum-E-5; (c) 

statistically balanced E-5, the 85:15 mixture of fum-E-5 and succ-E-5 that results from 
desilylationlresilylation offum-E-5 (Scheme 2.7, (1) and (iii)); (d) 44:56 (± 2%) mixture offum-E-5 and 

succ-E-5 that results from the four step operation of the machine, either starting from fum-E-5 or the 

85:15 furn-E-5:succ-E-5 statistically balanced mixture (Scheme 2.7, (i), (ii), (iii), (iv) or (ii), (i), (iii), 
(iv) Scheme 2.8, 5A—'5F). The 'H NMR assignments and colouring correspond to the labelling in 
Schemes 2.5 and 2.7. Residual water peaks are shown in grey. 

The thread has therefore successfully performed the task of directionally changing the 

net position of the macrocycle - and since the succinamide station binds the 

macrocycle more weakly than the fumaramide station, the thread has moved the 

macrocycle energetically uphill! - while the machine, the thread, has returned to its 

initial state. We recognize this behaviour as 'ratcheting', a characteristic of the 

operating mechanism of many biological molecular machines. For the first time, we 

have a molecular shuttle which is more sophisticated in terms of task performance 

than a simple mechanical switch. The compartmentalized machine achieves this result 

by applying four different stimuli which govern in turn the thermodynamics and the 

kinetics for transport between the two stations: balance-breaking 1; linking; unlinking; 

balance-breaking 2 (resetting - of the machine, not the substrate)?' ]  

Through its operation in Schemes 2.7 and 2.8, rotaxane 5 establishes a 

thermodynamically unfavourable distribution of the macrocycle between the 

compartments. This is the function envisaged for the pressure demon thought- 
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machines shown in Figures 2.1b and 2.1d, albeit featuring many machines each acting 

on one Brownian particle in the case of the rotaxane rather than a single machine 

acting on many Brownian particles. However, the way in which 5 achieves this result 

is very different to either Gedankenmaschine design. During the operation of 5 the 

Brownian particle's position does not determine when or whether the linking stimulus 

is applied. This would require the communication of information regarding the 

particle's position to the machine, which is possible but would correspond to an 

'information ratchet' [25b]  mechanism (see Chapter 4 for a molecular realization of this 

type of mechanism). Rather, the rotaxane machine carries out its operations 

independent of the position of the particle by varying the potential energy surface 

minima as well as maxima in a partial so-called 'energy ratchet'" 25b]  mechanism 

(Figure 2.4). 

Bond Bowniwn  

Figure 2.4 The operation of machine—substrate system 5 in Schemes 2.7 or 2.8 is the experimental 
realization (albeit nonadiabatic) of the transportation task required of Smoluchowski's Trapdoor 151  
(Figure 2.1d) and Maxwell's Pressure Demon 14c]  (Figure 2.1b). The mechanistic equivalent of the 
cartoons from Figure 2.1 is shown above. The colours of the compartments, particles and door are the 
same as the corresponding elements of 5. The initially balanced (in proportion to the sizes of the two 
compartments) distribution of the Brownian particles between the left (L) and right (R) compartments 
becomes statistically unbalanced by a change in volume of the left-hand compartment. Opening the 
door allows the particles to redistribute themselves according to the new size-ratio of the 
compartments. Closing the door ratchets the new distribution of particles. Restoring the left-hand 
compartment to its original size then results in a concentration gradient of the Brownian particles 
across the two compartments. There is no role for an information-gathering demon in this mechanism. 

As mechanical work is done by its operation, is it correct to categorize 5 as a 

molecular motor? No. Although the machine component of 5 acts to transport a 

substrate energetically uphill and can be reset without undoing the work done on the 

substrate, it cannot do so repetitively - a key requirement of a motor - because the 

succinamide compartment cannot be emptied of the ratcheted substrate. The 

escapement of the ratcheted quantity is the missing element required for 5 to operate 

for a second time without undoing the previously performed task by the action of 

resetting the machine. 1401  This feature is present in a previously reported t 8 ' 1  
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[21catenane, 7, in which the larger macrocycle acts as a motor that repetitively 

transports the small macrocycle directionally around itself according to a cyclic 

reaction scheme (Scheme 2.9, discussed in greater detail in Chapter 3). As with 5, the 

olefin isomerization reactions in Scheme 2.9 are balance-breaking steps (depending 

on where one starts in the scheme, either can be considered to reset the machine); the 

manipulation of the trityl and silyl protecting groups are pairs of linking—unlinking 

steps which determine the pathway through which escapement of the ratcheted 

substrate occurs. Thus, the molecular machine in Scheme 2.9 operates by the 

following sequence: [balance-breaking 1; escapement (pathway A); ratcheting; 

balance-breaking 2 (reset machine); escapement (pathway B); ratchetingj. 

Me OY10,1_1 0 

-Bu-Si-O 
NH 	

0 Me 

((0 OAC olefin 

( (CH2)8 	 CH2)8  

succ-Z-7 	 0 

-tBuSiMe2; +t9uSjM 	-CPh3: +CPh 3  
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Scheme 2.9 A previously reported 1  synthetic molecular rotary motor 7 that operates through a full 
Brownian ratchet mechanism. For a full discussion of this molecule, see Chapter 3. 

Although rotaxane 5 does not fulfil the requirements for a motor, neither is it a simple 

switch since the machine part can be reset without influencing the distribution of the 
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substrate. Significantly, examining the state of the machine (the rotaxane thread) in 5 

does not provide information regarding the state (distribution) of the substrate. It is 

only from the history of the machine's operations that the distribution of the substrate 

can be known; in other words, the net position of the macrocycle in rotaxane 5 is a 

consequence of a form of sequential logic. This type of logic is different to that 

utilized in most of the Boolean logic chemical systems investigated to date, which 

feature combinational logic (the outputs are solely a function of the inputs at that 

moment in time)):): 4  In fact, the behaviour of 5 is characteristic of a two-state (one bit) 

memory or flip-flop' component in electronics. 421  A flip-flop maintains its effect on 

a system indefinitely until an input pulse operates on it, causing its output to change to 

a new indefinitely stable state according to defined rules. 1431  Different variants include 

T-, S-R-, i-K- and D-type flip-flops. We suggest that a molecule such as 5 should be 

termed a 'two-state' Brownian flip-flop because the substrate must exist in one of two 

compartments in each molecule. However, there is an important difference that arises 

because of the statistical nature of a two-state Brownian flip-flop compared to the 

digital nature of its electronic counterpart. If we wish to utilize the effect of many 

molecules of 5 on a system, the operation of the flip-flop can vary the bulk population 

distribution of the substrate between the two compartments over a continuum from 

85:15 to 44:5 6 fiim:succ by modifying the balance-breaking reaction parameters (e.g. 

by changing the time for which the photoisomerization stimulus is applied). If, on the 

other hand, we use a single molecule of 5 to influence a system its effect is strictly 

binary - the molecule is in one state or the other - with the fum:succ ratios 

corresponding to the probability that the substrate will be in a particular compartment 

given the history of the inputs. In contrast, an electronic flip-flop is generally utilized 

as a single entity in a circuit and its effect is therefore always binary. 

2.6 The language necessary to describe the operation and 
mechanisms of molecular-level mechanical machines 

Up to now the categorization of molecules as machines by chemists has largely been 

iconic - the structures 'look' like pieces of machinery - or they are so-called because 

they carry out a function that in the macroscopic world would require a machine to 

perform it. 111  However, as function and mechanism replaces imagery as the driving 

force behind advances in this field, the use of language needs to become more 
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phenomenologically based. For this reason, on the basis of the systems described in 

this Chapter and those developed previously by ourselves, Kelly, Feringa, Stoddart 

and others,18' 10. 13-181 we suggest below definitions for four significant 

phenomenological terms - ratcheting, escapement, balance and linkage - which are 

crucial for machines that operate by controlled Brownian motion. Ratcheting is an 

often used, but previously ill-defined, process in chemical terms. Unfortunately, this 

vagueness has led to the term sometimes being applied to describe phenomena that are 

unrelated to Brownian ratchet mechanisms. Escapement is the counterpart to 

ratcheting and, as far as we are aware, has only rarely been used to describe 

molecular-level events. The statistical balance of a dynamic substrate, and whether the 

parts of the machine acting on the substrate allow exchange of the substrate or not, 

appear to be key factors that determine whether the machine can perform a task or 

not. In fact, it appears that the behaviour of a molecular machine towards a substrate 

can be defined by the changing relationship (linked/unlinked; balanced/unbalanced) 

between the parts of machine interacting with the substrate. 

'Ratcheting' is the capturing of a positional displacement of a substrate through 

the imposition of a kinetic energy barrier which prevents the displacement being 

reversed when the thermodynamic driving force is removed. The key feature of 

ratcheting is that the ratcheted part of the system is not linked with (i.e. not 

allowed to exchange the substrate with) any part of the system that it is 

ratcheted from. Ratcheting is a crucial requirement for allowing a Brownian 

machine to be reset without undoing the task it has performed. An example of 

ratcheting is the unlinking step 5D-5E in Scheme 2.8. Because it is used to 

kinetically stabilize an ultimately thermodynamically unfavourable state, 

ratcheting is intrinsically associated with a sequential logic sequence applied to 

a Brownian substrate. 

'Escapement' is the (directional) release of a ratcheted substrate in a statistically 

unbalanced system by lowering a kinetic energy barrier (i.e. by linking). The 

key feature of escapement is that it requires the linking of two unbalanced parts 

of a system that were previously unlinked. An escapement step must be 

subsequently ratcheted in order for a machine to be able to do work repetitively 

on a substrate. An example of escapement is the de-silylation step during the 
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operation of the irreversible molecular shuttle succl-3 (Scheme 2.6, step (i)) or 

the analogous step for system S (5B-5C, Scheme 2.8). 

'Balance' is the thermodynamically preferred distribution of an exchangeable 

quantity or substrate over a machine or parts of a machine. The impetus for net 

transportation of a substrate comes from balance being broken. (Note that 

balance' being broken is not the same as 'detailed balance' being broken; 

breaking statistical 'balance' provides a thermodynamic driving force for 

'detailed balance' to be broken.) 

'Linkage' is the communication necessary for transportation of a substrate to 

occur between parts of a machine. However, the ability to exchange the 

substrate between the linked parts is not in itself enough for a task to be 

performed, there must also be a driving force for it to occur (vide supra). 

Linking and unlinking operations are purely kinetic parameters and so can be 

accomplished by simply changing the rate of reactions rather than introducing 

or removing physical steric barriers. 

2.7 Types of compartmentalized molecular machines 

During development of the terminology necessary to describe molecular-level 

behaviour scientifically, the standard dictionary definitions meant for everyday use 

are not always appropriate for regimes that the definitions were never intended to 

cover (see Chapter 1). As we have seen through the examples given in this Chapter, 

the difference between a molecular motor and a molecular switch is fundamental and 

profound because 'motor' and 'switch' become different phenomenological 

descriptors at Brownian length scales, not just iconic classifications of macroscopic 

objects. As another example, simple switches that operate through biasing Brownian 

motion do not stay in the same state if the thermodynamic driving force is turned off 

and it is important to distinguish them from other Brownian machines that do. Indeed, 

we can identify three different fundamental types of simple Brownian machines that 

act through various combinations of balance-breaking, linking/unlinking, ratcheting 

and escapement steps - a Brownian switch (Figures 2.5a and 2.5b), a Brownian flip-

flop (Figure 2.5c) and a Brownian motor (Figure 2.6). Each of these simple machine 
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types can also function as components in more complex molecular-level machines 

(Figure 2.7). 

Figure 2.5 Schematic representations of some simple compartmentalized molecular-level machines. (a) 
A two-state Brownian switch. (b) An irreversible Brownian switch. (c) A two-state Brownian flip-flop 
(shown operating through a partial energy ratchet mechanism; other mechanisms can achieve the same 
machine function). 

A 'Two-state (or multi-state) Brownian switch' is a machine that can reversibly 

change the distribution of a Brownian substrate (a moiety which undergoes 

Brownian motion) between two (or more) distinguishable sites as a function of 

state of the machine. It does this by biasing the Brownian motion of the 

substrate (Figure 2.5a). Classic stimuli-responsive molecular shuttles, such as 

E/Z-1 (Scheme 2.1) and those listed in refs. [13-18. 20], are examples of two-

state (or three-state 41) Brownian switches. An 'irreversible Brownian switch' is 

a 'once only' machine, such as succl-3 (Scheme 2.6), which irreversibly 

changes the distribution or position of a Brownian substrate in response to an 

external stimulus (Figure 2.5b). 

A 'Two-state (or multi-state) Brownian flip-flop' is a machine that can 

reversibly change the distribution of a Brownian substrate between two (or 

more) distinguishable sites and can be reset without restoring the original 

distribution of the substrate (Figure 2.5c). The statistical distribution of the 

substrate cannot be determined from the state of the flip-flop (unlike a switch, 

which influences a substrate as a function of state) but rather is determined by 

the history of operation of the machine, i.e. through a form of sequential logic. 

Rotaxane 5 is an example of a two-state Brownian flip-flop. It operates through 

a partial Brownian ratchet mechanism 	consisting of the following steps 

applied to a pair of compartments: balance breaking, escapement, ratcheting, 
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and resetting of the machine (a second balance-breaking step). The original 

substrate distribution is restored by an escapement—unlinking sequence. 

A 'Brownian motor' is a machine that can repetitively and progressively change 

the distribution of a Brownian substrate, during which the machine is reset 

without restoring the original distribution of the substrate (Figure 2.6). Like a 

flip-flop, a Brownian motor affects a system as a function of the pathway that 

the machine takes, not as a function of state. Catenane 7 (Scheme 2.9) is an 

example of a two-stroke rotary Brownian motor (Figure 2.6a),ISdl  The substrate 

is repetitively transported between two sites via two alternating pathways. We 

shall shortly report on the synthesis and operation of a linear three compartment 

Brownian motor (Figure 2.6b). 45 ' 

By combining the three fundamental Brownian machine types, which work 

through combinations of balance breaking, linking/unlinking, ratcheting and 

escapement, with other combinational and/or sequential operations based on 

Boolean logic, machines that can carry out more complex functions, such as 

variable, directional, travel (Figure 2.7a) and 'sorting and separating' (Figure 

2.7b), can be envisaged. 

Figure 2.6 Schematic representations of two types of Brownian motors: (a) a two-stroke rotary motor; 
(b) a three-compartment translational motor or pump. 
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'.. H 
Figure 2.7 Schematic representations of some possible compartmentalized molecular-level machines 
that combine ratcheting and escapement with Boolean logic operations: (a) a four-compartment 
Brownian machine that pumps a substrate in a given (variable) direction. Deciding which one of the 
pink or yellow gates is used for ratcheting determines whether the substrate is transported to the top 
compartment or the bottom. (b) A four-compartment Brownian machine that sorts and separates 
different ions (e.g. red = Na; blue = K). A logic operation providing selective access through each of 
the pink and yellow gates ensures one type of ion is pumped into each compartment. 

2.8 Conclusions 

Apart from allowing a large amplitude one-dimensional motion to be considered 

independently of other movements, there is nothing special about rotaxanes in terms 

of mechanical mechanisms. [12, 461 The relationships described in this paper are 

applicable to any type of molecular-level construct, with controlled motion possible in 

a kinetically-associated structure in two or three dimensions as well as just one. They 

may also be useful in understanding the changes involved in biological machines as 

they bring about movement, function and the transport of Brownian substrates 

(molecules and ions) in 1 -D channels, across membranes and between parts of a 

protein. 

To appreciate the technological potential of controlled molecular-level motion one 

only has to consider that it lies at the heart of virtually every biological process. When 

we learn how to build synthetic structures that can rectify random dynamic processes 

and interface their effects directly with other molecular-level substructures and the 

outside world, it will add a new dimension to functional molecule and materials 

design. An improved understanding of biological pumps, motors and other cellular 

machines will surely also follow. 
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2.9 Experimental section 

2.9.1 Experimental procedures for the operation of machine—substrate systems 3 
and  

Machine—substrate system 3 

Step (i). A solution of [2]rotaxane succl-3 (80 mg, 0.057 mmol) in aqueous acetic 

acid (80%, 10 mL) was heated at 60 °C for 1 h. The reaction mixture was 

concentrated under reduced pressure and traces of acetic acid were removed with a 

toluene azeotrope (3 x 50 mL). To remove non-rotaxane impurities, the crude reaction 

mixture was filtered through a plug of silica gel (neat dichioromethane then 

methanol/dichioromethane, 5:95) and the solvent was removed under reduced 

pressure to furnish fully de-silylated material. 

Step (ii). The de-silylated product from step (i) was dissolved in dichloromethane (20 

mL) and treated with imidazole (70 mg, 1.0 mmol), tert-butyldimethylsilyl chloride 

(90 mg, 0.60 mmol) and a catalytic amount (5.0 mg) of 4-(dimethylamino)pyridine. 

The mixture was stirred at room temperature for 1 h. To remove non-rotaxane 

impurities, the crude reaction mixture was filtered through a plug of silica gel (neat 

dichloromethane then methanol/dichloromethane, 2:98) and the solvent removed 

under reduced pressure. The 'H NMR spectrum in CDC13 of the isomeric mixture of 

succl-3 and succ2-3 resulting from this two step operation is shown in Figure 2.2c. 

Machine—substrate system 5 

Step (i). A solution of [2]rotaxanefum-E-5 (30 mg, 0.021 mmol) in aqueous acetic 

acid (80%, 2.0 mL) was heated at 60 °C for 1 h. The reaction mixture was 

concentrated under reduced pressure and traces of acetic acid were removed with a 

toluene azeotrope (3 x 5 mL). To remove non-rotaxane impurities the crude reaction 

mixture was filtered through a plug of silica gel (neat dichioromethane then 

methanol/dichloromethane, 5:95) and the solvent was removed under reduced 

pressure to furnish fully de-silylated material. 

Step (ii). A solution of the de-silylated product from step (i) (20 mg) in 

dichloromethane (50 mL) was placed in a quartz vessel, degassed with argon (15 

mm), and irradiated at 312 rim using a multilamp photoreactor for five successive 5 

min sessions. The progress of the reaction was monitored by 'H NMR spectroscopy. 

The photostationary state was reached after 20 mm (4 x 5 min irradiations). The 
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reaction mixture was concentrated under reduced pressure and used directly in the 

next step. 

Step (iii). The de-silylated photoisomerized material (20 mg) was dissolved in 

dichioromethane (2.0 ml-) and treated with imidazole (20 mg, 0.29 mmol), tert-

butyldimethylsilyl chloride (26 mg, 0.17 mmol) and a catalytic amount (5.0 mg) of 4-

(dimethylamino)pyridine. The reaction mixture was stirred for 2 h, during which time 

a colourless precipitate appeared. Water (2 mL) was added and the reaction mixture 

extracted with dichloromethane (5 mL). The organic layer was separated, washed with 

brine (sat., 5 mL), dried (Na2SO4) and concentrated under reduced pressure to furnish 

the crude re-silylated isomeric mixture of rotaxanes. To remove non-rotaxane 

impurities, the mixture was filtered through a plug of silica gel (ethyl 

acetate/petroleum ether, 1:4 then methanol/dichioromethane, 1:4). This mixture was 

concentrated under reduced pressure and used directly in the next step. 

Step (iv). To a solution of the re-silylated isomeric mixture of four rotaxanes from 

step (iii) (20 mg) in dichloromethane (1.0 ml-) was added piperidine (100 PL, 1.0 

mmol). The reaction was stirred for 12 h. To remove non-rotaxane impurities, the 

crude reaction mixture was filtered through a plug of silica gel (neat dichioromethane 

then methanol/dichloromethane, 1:4) and the solvent removed under reduced pressure. 

The 'H NMR spectrum in CDC1 3  of the isomeric mixture of fum-E-5 and succ-E-5 

obtained after the four step operation is shown in Figure 2.3d. An essentially identical 

H NMR spectrum was obtained upon reversing the sequence of steps (i) and (ii). 
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2.9.2 Synthesis 
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Scheme 2.10 Synthesis of single translational isomer [2]rotaxanes succl-3 and fum-E-5. 
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Scheme 2.11 Synthesis of thread molecules E-7 and 5. 

Benzyl (5-hydroxypentyl)carbamate (8)' 

a C 	 d 

H  8 

To a solution of 5-aminopentanol (12.4 g, 120 mmol) and sodium hydrogen carbonate 

(30.2 g, 360 nimol) in water (120 mL) was added a solution of benzylchloroformate 

(27.5 g, 162 mmol) in tetrahydrofuran (120 mL) at 0 °C. The reaction mixture was 

warmed to room temperature and stirred vigorously for 12 h. The organic layer was 

separated and the aqueous layer extracted with ethyl acetate (2 x 70 mL). The 

combined organics were washed with brine (sat., 200 mL), dried (Na2SO4) and 

concentrated under reduced pressure. The crude product was triturated with n-hexane. 

The resulting powder was collected by filtration, washed with diethyl ether and dried 

under reduced pressure to afford 8 as a colourless low melting solid (27.5 g, 97%); mp 

43-44 °C; 1 H NMR (400 MHz, CDC13): ö = 7.37-7.29 (m, 5H, llph),  5.09 (s, 211, Ha), 

4.82 (br t, lI-I, Hb),  3.63 (t, J=r 6.4 Hz, 2H, Hd),  3.23-3.18 (m, 2H, H e), 1.62 (br S, 1H, 

He), 1.61-1.35 (m, 6H, alkyl CH2); ' 3C NMR (100 MHz, CDC1 3): 8 = 156.5 (C=O), 

136.5 (ArCq), 128.4 (ArCH), 128.0 (2 x  ArCH), 66.5 (CH2(a)), 62.3 (CH2( ), 40.8 

(CH2()), 32.0 (CH2), 29.6 (CH2), 22.8 (CH2); HRMS (El): m/z = 237.1364 [M] 

(anal. calcd for C 1 3H19NO3': m/z = 237.1364). 
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Benzyl (5-bromopentyl)carbamate (9)1481 

0 

Ph---O" N 
H 	d 

Alcohol 8 (28.0 g, 118 mmol) in dichioromethane (800 mL) was cooled to 0 °C. 

Tetrabromomethane (59.0 g, 177 mmol) and triphenyiphosphine (46.5 g, 177 mmol) 

were added in portions and the solution was allowed to warm to room temperature. 

The reaction was stirred for a further 4 h after which time TLC indicated complete 

consumption of the starting material. The reaction was quenched by addition of water 

(400 mL) and the organic layer was separated, washed with water (400 mL) and brine 

(sat., 400 mL) then dried (Na2SO4). Solvent was removed under reduced pressure and 

the crude material purified by flash chromatography (Si0 2 ; ethyl acetate/petroleum 

ether, 1:9 to 3:7) to furnish bromide 9 as colourless low melting solid (29.0 g, 82%); 

mp 44-45 °C; 'H NMR (400 MHz, CDC13): 6 = 7.36-7.30 (m, 5H, Hph),  5.09 (s, 211, 

Ha), 4.85 (br s, IH, Hb),  3.39 (t, J = 6.7 Hz, 2H, He), 3.22-3.17 (m, 2H, He), 1.86 

(quint., 2H, J = 6.9 Hz, 1-Lj), 1.56-1.42 (m, 4H, alkyl CH2); ' 3C NMR (100 MHz, 

CDC13): 6 = 156.3 (C0), 136.5 (ArC q), 128.5 (ArCH), 128.0 (2 x  ArCH), 66.6 

(CH2 (a)), 40.7 (CH2(c)), 33.5 (CH2(e)), 32.2 (CH2), 29.1 (CH2), 25.2 (CH2); HRMS (El): 

m/z = 299.0517 and 301.0405 [M] (anal. calcd for C 13H 18NO279Br: m/z = 299.0521 

and for C13H1gNO2 81  Br+.  :m/z=301.0502). 

Allyl (5-bromopentyl)carbamate (10) 

a 	C 
0 e 
	g 

ON Br 
b 	Hd 

5-(Allyloxycarbonylamino)-1-pentanol (Fluka, UK) (22.0 g, 117 mmol) in 

dichioromethane (800 mL) was cooled to 0 °C. Tetrabromomethane (58.5 g, 

176 mmol) and triphenylphosphine (46.5 g, 177 mmol) were added in portions and the 

solution was allowed to warm to room temperature. The reaction was stirred for an 

additional 4 h after which time TLC indicated complete consumption of the starting 

material. The reaction was quenched by addition of water (200 mL) and the organic 

layer was separated, washed with water (400 mL) and brine (sat., 400 mL), then dried 

(Na2SO4). Solvent was removed under reduced pressure and the crude material was 

purified by flash chromatography (Si02; ethyl acetate/petroleum ether, 1:9 to 3:7) to 

furnish bromide 10 as a colourless oil (27.0 g, 93%); 'H NMR (400 MHz, CDC13): 6 
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= 5.85-5.75 (m, 1H. H,,), 5.20-5.07 (m, 2H, Ha & Hd), 5.08 (d, J = 10.4 Hz, lH, H,j), 

4.43 (d, J = 5.4 Hz, 2H, He), 3.30 (t, J = 6.8 Hz, 2H, Hg), 3.07 (q, J = 6.4 Hz, 2H, He), 

1.76 (quint.,J= 7.0 H, 2H, Hj), 1.47-1.32 (m, 4H. alkyl CH2); ' 3C NMR (100 MHz, 

CDC13): ö = 156.1 (C=O). 132.7 (CHb), 117.1 (CH2(a)), 65.0 (CH2(c)), 40.4 (CH2 (e)), 

33.3 (CH), 32.0 (CH2). 28.7 (CH2), 24.9 (CH2); HRMS (El): m/z = 249.0446 and 

251.0345 [M] (anal. calcd for C 9H 16N0279Br': m/z = 249.0364 and for 

C9H, 6NO281 Br: m/z = 251.0345). 

Dimethyl (5-{ I(benzyloxy)carbonyll amino) pentYi)matoflate (11) 
00 

g 	f 
H3CO 	OCH3 

e 

Ph0N 
bH 

11 

Dimethyl malonate (23.8 g, 181 mmol) was added to a suspension of sodium hydride 

(5.41 g, 60.0% w/w in oil, 135 mmol) in tetrahydrofuran (250 mL) over 1 h, keeping 

the reaction at 0 °C, resulting in formation of a gel. The reaction mixture was allowed 

to warm to ambient temperature and was then heated to 40 °C to dissolve the gel. The 

reaction mixture was allowed to stir for further I h at this temperature. 

Tetrabutylammonium iodide (333 mg, 0.903 mmol) was added, followed by dropwise 

addition of a solution of bromide 9 (27.0 g, 90.3 mmol) in tetrahydrofuran (250 mL). 

After addition was complete, the reaction mixture was refiuxed for 12 h during which 

time a solid precipitated. The reaction mixture was filtered, and the solid precipitate 

washed with tetrahydrofuran. The resulting liquors were then quenched with NH4C1 

(sat. aq ., 200 mL). The organic layer was separated and washed with brine (sat., 

200 mL), then dried (Na2SO4) and concentrated under reduced pressure. The resulting 

oil was purified by flash chromatography (Si0 2 ; ethyl acetate/petroleum ether, 1:4 to 

2:3) to furnish unreacted dimethyl malonate (6.00 g, 45.5 mmol) and the desired 

compound 11 as colourless oil (28.0 g, 88%); 'H NMR (400 MHz, CDC13): 8 = 7.29-

7.25 (m. 5H, Hp,), 5.08 (br t, 1H, Hb),  5.03 (s, 2H, Ha), 3.67 (s, 6H, Hg), 3.30 (t, J 

7.5 Hz, 1H, Hj), 3.14-3.07 (m, J = 6.3 Hz, 2H, He), 1.86-1.84 (m, 2H, He), 1.441.42 

(m, 2H, I-Lj), 1.28-1.25 (m, 4H, alkyl CH2); ' 3C NMR (100 MHz, CDC1 3 ): 8 = 169.6 

(ester C=O), 156.2 (carbamate CO), 136.5 (ArC q), 128.3 (ArCH), 127.8 (2 x  ArCH), 

66.3 (CH2(a)), 52.2 (CH 3), 51.3 (CHj), 40.6 (CH2 (c)), 29.4 (CH2), 28.5 (CH2), 26.7 
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(CH2), 26.1 (CH2); HRMS (FAB, 3-NOBA matrix): m/z = 352.1764 [(M+Hf] (anal. 

calcd for C 18H26NO6: m/z = 352.1760). 

Dimethyl (5{(aI1yIoxyoxy)carbony1I amino) PefltyI)(S-
{[(benzyloxy)carbonyll amino) pefltyl)malOflate (12) 

Ph 

13 

Y0  
o 	12 

Malonate 11(22.0 g, 62.7 mmol) was added to a suspension of sodium hydride (3.60 

g, 60.0% w/w in oil, 94.0 mmol) in tetrahydrofuran (300 mL) over 1 h, keeping the 

reaction temperature at 0 °C. The reaction mixture was allowed to warm to room 

temperature and was stirred for a further 1 h. Tetrabutylammonium iodide (255 mg, 

0.690 mmol) was added, followed by dropwise addition of a solution of bromide 10 

(17.0 g, 69.0 mmol) in tetrahydrofuran (250 mL). After complete addition, the 

reaction mixture was relluxed for 12 h, during which time a solid precipitated. The 

reaction mixture was filtered and the solid precipitate washed with tetrahydrofuran. 

The resulting liquors were then quenched with NH 4C1 (sat. aq ., 200 mL). The phases 

were separated, and the aqueous layer extracted with ethyl acetate (200 mL). The 

combined organics were washed with brine (sat., 200 mL), dried (Na 2SO4) and 

concentrated under reduced pressure to furnish an oil which was purified by flash 

chromatography (Si02; ethyl acetate/petroleum ether, 1:4 to 2:3) to furnish compound 

12 as a colourless oil (19.0 g, 58%); 'H NMR (400 MHz, CDC13): 8 = 7.31-7.27 (m, 

SI-I, Hp), 5.89-5.81 (m, 11-I, H1), 5.24 (d, J = 16.3 Hz, 11-1, H m), 5.15 (d, J = 10.3 Hz, 

1H, Hm'), 5.04 (s, 2H, Ha), 4.95 (br s, 211, Hb & Hi), 4.50 (m, 2H, HO, 3.65 (s, 6H, Hj), 

3.13-3.10 (m, 4H, H & H), 1.83-1.79 (m, 4H, H e  & Hg), 1.45 (br s, 4H, Hd & FIh), 

1.31-1.24 (m, 4H, alkyl CH 2), 1.15-1.08 (m, 4H, alkyl CH2); ' 3C NMR (100 MHz, 

CDC13): 8 = 172.1 (ester C0), 156.3 (benzyl carbarnate C=O), 156.1 (allyl 

carbamate CO), 136.5 (ArC q), 132.9 (CH I), 128.3 (ArCH), 127.9 (2 x  ArCH), 117.3 

(CH2 (m) ), 66.3 (CH2 (a)), 65.2 (CH2 (k )), 57.3 (Cq(CO2CH3)2), 52.2 (CH3), 40.72 (CH2( cor  

i'), 40.67 (CH2(corj)), 32.2(2 x CH2), 29.5 (2 x CH2), 26.7(2 x CH2), 23.6(2 x CH2); 

HRMS (FAB, 3-NOBA matrix): m/z = 521.2854 [(M+H)] (anal. calcd for 

C27H41N208: m/z = 521.2863). 
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Methyl 7- { [(allyloxy)carbonyll amino}-2-(7- 
t I(benzyloxy)carbonyll amino) pentyl)heptanoate (13) 

e 

C 

PflO_I 
J 

Diester 12 (8.00 g, 15.4 mmol) was dissolved in dimethyl sulfoxide (30 mL). 

Anhydrous lithium chloride (1.90 g, 46.1 mmol) and water (304 pL, 16.9 mmol) were 

added and the reaction mixture was heated at 160 °C for 4 h. The reaction mixture 

was allowed to cool to ambient temperature and was then diluted with water 

(135 mL). The mixture was extracted with diethyl ether (3 x 130 mL). The combined 

organic layers were washed with water (3 x 400 ml) and brine (sat., 350 mL), then 

dried (Na2SO4) and concentrated under reduced pressure. The crude oil was purified 

by flash chromatography (Si02; ethyl acetate/petroleum ether, 1:4 to 2:3) to furnish 

monoester 13 as a colourless oil (4.70 g, 66%); 1 H NMR (400 MHz, CDC1 3): 

7.34-7.25 (m, 5H, Hph),  5.98-5.86 (m, IH, H), 5.30 (d, J= 17.2 Hz, 1H, I-li), 5.20 (d, J 

10.3 Hz, 1H, H1 ), 5.08 (s, 2H, Ha),  4.74 (br s, 211, Hh & Hg), 4.54 (d, J = 5.0 Hz, 

2H, Hh),  3.65 (s, 3H, He), 3.17-3.14 (m, 4H, H & Hj), 2.31-2.29 (m, IH, Hd),  1.47-

1.13 (m, 16H, alkyl CH2); ' 3C NMR (100 MHz, CDC13): ö = 176.8 (ester C0), 156.3 

(benzyl carbamate C=O), 156.2 (allyl carbamate C=O), 136.6 (ArC q), 133.0 (CH 1), 

128.5 (ArCH), 128.1 (2 x  ArCH), 117.6 (CH2(j)), 66.6 (CH 2()), 65.4 (CH2(h)), 51.4 

(CU3), 45.4 (CHd, 40.93 (CH2 (c  orf), 40.89 (CH2(c  orf),  32.3 (2 x  CH2), 29.8 (2 

Cl2), 27.0 (2 x CH2), 26.6 (2 x C112); HRMS (FAB, 3-NOBA matrix): m/z = 

463.2808 [(M+H)] (anal. calcd for C 25H39N206 1 , m/z = 463.2808). 

Allyl benzyl[6(hydroxymethyl)undecane-1 ,1 1 -diyllbiscarbamate (14) 

HO d 

	

C 	 f 

PhO NH 	HN O- 
a Yb 

	

0 	14 	0 

Di-isobutylaluminium hydride (43 mL, 1.0 M in toluene, 43 mmol) was added 

dropwise to a solution of ester 13 (5.00 g, 10.8 mrnol) in freshly distilled 
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tetrahydrofuran (60 mL) at —78 °C under argon. The reaction mixture was stirred at 

this temperature for 4 h, after which time TLC indicated complete consumption of the 

starting material. Methanol (30 mL) was added to quench the reaction and the mixture 

was brought to room temperature. Citric acid (10 % aq., 120 niL) was added to bring 

the reaction mixture to pH 3, resulting in the formation of two layers. The organic 

layer was separated and the aqueous layer extracted with diethyl ether (2 x 120 mL). 

The combined organics were washed with brine (sat., 200 mL), dried (Na 2SO4) and 

concentrated under reduced pressure to furnish the crude product as an oil which was 

purified by flash chromatography (Si0 2 ; ethyl acetate/petroleum ether, 3:7 to 2:3) to 

give alcohol 14 as an oil which solidified on standing to a low melting, colourless 

solid (3.20 g, 68%); mp 44-46 °C; 1 H NMR (400 MHz, CDC13): S = 7.34-7.25 (m, 

5H, Hph),  5.95-5.86 (m, 1H, H e), 5.29 (d, J = 17.2 Hz, 1H, Hi), 5.20 (d, J = 10.4 Hz, 

IH, H3 ), 5.08 (s, 2H, H a), 4.82-4.79 (hr s, 2H, Hb & H g), 4.54 (d, J = 5.3 Hz, 2H, Hfi), 

3.51 (d, J= 5.3 Hz, 2H, Hd), 3.20-3.14 (m, 4H, H & H1), 1.49-1.13 (m, 17H, alkyl 

CH2 & alkyl CH); 13C NMR (100 MHz, CDC1 3): S = 156.4 (benzyl carbamate CO), 

156.3 (allyl carbamate C=O), 136.6 (ArC q), 132.9 (CH 1), 128.5 (AiCH), 128.0 (2 x 

ArCI-I), 117.5 (CH2V)), 66.5 (CH2 (a)), 65.4 (CH2(h)), 65.3 (CH2(c0), 40.92 (CH2(c on)), 

40.87 (CH2(c0IM), 40.2 (CHCH20H), 30.7 (2 x CH2), 29.8 (2 x CH2), 26.9 (2 x CH2), 

26.3 (2 x CH2); FIRMS (FAB, 3-NOBA matrix): m/z = 435.2852 [(M+H)] (anal. 

calcd for C 24H39N205: m/z = 435.2860). 

Benzyl 9H-fluoren-9-y1methyl 16-(hydroxymethyl)undecane-1 ,1 1-
diyljbiscarbamate (15) 

& 
HO 

d 

CAf 
Ph 

11-110 
NH 	 HN 

a 	1 	15 	0 	k 

Phenylsilane 	(746 	mg, 	6.89 	mmol) 	and 	a 	solution 	of 

tetrakis(triphenylphosphine)palladium(0) (80.0 mg, 69.2 nmol) in dry 

dichloromethane (60 mL) were added under nitrogen to a solution of alcohol 14(1.50 

g, 3.45 mmol) in dry dichioromethane (10 mL). The mixture was stirred for 45 mm 

during which time the light yellow solution turned brown and the disappearance of 
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starting material was monitored by TLC. 9-Fluorenylmethyichloroformate (1.00 g, 

3.88 mmol) and triethylamine (1.30 g, 13.0 mmol) were added to the above reaction 

mixture. The reaction was allowed to stir for 45 min and before being quenched with 

water (20 mL). Hydrochloric acid (1 N, 4 mL) was added and the organic layer was 

separated, washed with brine (sat., 10 mL), dried (Na2SO4) and concentrated under 

reduced pressure. The resulting crude brown foam was purified by flash 

chromatography (Si02; ethyl acetate/petroleum ether, 3:7 then 1:1 to 7:3). 

Appropriate fractions were concentrated to obtain a semi-solid which on trituration 

with diethyl ether furnished the desired alcohol, 15 as an off-white solid (1.10 g, 

56%); mp 94-96 °C; 'H NMR (400 MHz, CDC1 3): 6 = 7.77 (d, 2H, J = 7.6 Hz, Hm ), 

7.60 (d, J = 7.6 Hz, 2H, Hi), 7.41 (t, J = 7.6 Hz, 2H, HI), 7.36-7.30 (m, 7H, HA & HO, 

5.10 (s, 2H, IIa), 4.85-4.82 (m, 2H, H,, & Hg), 4.40 (d, J 6.9 Hz, 2H, H,,), 4.22 (t, J 

6.9 Hz, IH, 1-1), 3.52 (d, J= 5.3 Hz, 2H, Hd),  3.21-3.16 (m, 4H, H & Hj), 1.50-1.25 

(m, 17H, alkyl CH2  & alkyl CH); ' 3C NMR (100 MHz, CDC13): 8 = 156.41 (C0), 

156.37 (C=O), 144.0 (Fmoc ArC q), 141.2 (Fmoc ArC q), 136.6 (phenyl ArC q), 128.5 

(phenyl ArCH), 128.1 (2 x  phenyl ArCH), 127.6 (ArCH,), 127.0 (ArCHk), 125.0 

(ArCH), 119.9 (ArCHm), 66.5 (CH2 (h)), 66.4 (CH2(a)), 65.3 (CH2( I)), 47.2 (CH1), 40.9 

(CH2()  & CH2 ), 40.3 (CFICH 20H), 30.7 (2 x CH2), 29.8 (2 x CH2), 27.0 (2 x CH2), 

26.3 (2 x CH2); HRMS (FAB, 3-NOBA matrix): m/z = 573.3332 [(M+H)] (anal. 

calcd for C 35H45N205 : m/z = 573.3338). 

9H-Fluoren-9-ylmethyl 111- { I (2E)-4-(diphenykthylamino)-4-oxobut-2-
enoyllamino}-6-(hydroxymethyl)undecyljcarbamate (16) 

b 	e 

	

Ph )( 	 Y 
0 ---%n 

aI 	I 	d 	g 
Ph H 	o  

16 	 p 

To a solution of 15 (740 mg, 1.28 mmol) in methanol (10 mL) was added ethereal 

hydrochloric acid (1.0 M, 2.7 mL) and 10% Pd/C (150 mg). The mixture was stirred 

under an atmosphere of hydrogen (1 atm) for I h. The reaction mixture was filtered 

through Celite, washed with methanol (15 mL) and concentrated under reduced 

pressure to furnish a colourless solid on cooling, which was used without any further 

purification. (E)-3-(2,2-Diphenylethylcarbamoyl)acrylic acid1' -' (535 mg, 1.80 mmol) 

was dissolved in dichloromethane (10 mL) and the solution was cooled to 0 °C. 1-[3- 
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Dimethylaminopropyl]-3-ethylcarbodiimide hydrochloride (433 mg, 2.20 mmol), 1-

hydroxybenzotnazole hydrate (345 mg, 2.20 mmol) and triethylamine (333 mg, 3.20 

mmol) were added at 0 °C and the reaction mixture was allowed to warm to room 

temperature and stir for 30 mm. A solution of the above amine hydrochloride in 

dichloromethane (15 mL) and triethylamine (210 mg, 2.01 mmol) was added to the 

activated acid. The reaction mixture was stirred for 4 h, diluted with chloroform 

(15 mL) and washed with hydrochloric acid (1 N, 10 mL), resulting in formation of a 

precipitate. The solid was removed by filtration, and the organic layer was washed 

with sodium hydrogen carbonate (sat. aq ., 15 mL). The organic layer was further 

washed with brine (sat., 10 mL), dried (Na2SO4) and concentrated under reduced 

pressure. The crude material was purified by flash chromatography (Si02; ethyl 

acetate/petroleum ether, 1:1 then methanol/dichloromethane, 2:98) to furnish 

compound 16 as a colourless solid (550 mg, 60%); mp 116-118 °C; 'H NMR (400 

MHz, CDCI3 ): 8 = 7.77 (d, J = 7.5 Hz, 2H, 1-1,.), 7.59 (d, J = 7.4 Hz, 2H, H0), 7.40 (t, J 

= 7.5 Hz, 2H, Hq), 7.32-7.18 (m, 12H, Hph & Ha), 6.93 (d, J = 14.9 Hz, IH, Hdore), 

6.75 (d.J= 14.9 Hz, 1H, Hdore),  6.47 (t,J = 5.7 HZ, IH, Hj), 6.14 (brt, 1H, 1-I a), 4.90 

(br t, IH, Hi), 4.37 (d, J = 6.8 Hz, 2H, Hm), 4.22-4.17 (m, 2H, I-1, & Ha), 3.94 (dd, J 

7.7 Hz and J = 5.8 Hz, 2H, H,,), 3.50 (d, J = 5.5 Hz, 2H, H 1), 3.29 (q, J = 6.7 Hz, 2H, 

Hg), 3.19-3.15 (m, 2H, HO,  1.53-1.22 (m, 17H, alkyl CH2 & alkyl CH & Hh); 13C 

NMR (100 MHz, CDC13): ö = 164.3 (amide CO), 164.2 (amide C0), 156.5 

(carbamate C=O), 144.0 (Fmoc ArC q), 141.5 (phenyl ArC q), 141.3 (Fmoc ArC q), 

133.4 (CH(d ore )), 132.6 (CH(d ore)), 128.8 (phenyl ArCH), 127.9 (phenyl ArCH), 127.7 

(AICHq), 127.0 (ArCH1,), 126.9 (phenyl ArCH), 125.0 (ArCH 0), 119.9 (ArCH,.), 66.5 

(CH2(m)), 65.4 (CH2( ,)), 50.3 (CH,,), 47.2 (CH), 44.1 (CH2(b)), 40.9 (CH2(k)), 40.1 

(CHCH201-1), 39.7 (CH), 30.7 (CH2), 30.6 (CH2), 29.8 (CH2), 29.7 (CH2), 27.0 

(CH2), 26.9 (CH2), 26.3 (CH 2), 26.1 (CH2); HRMS (FAB, 3-NOBA matrix): m/z = 

716.4063 [(M+H) 1] (anal. calcd for C 45H54N305 : m/z = 716.4064). 
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9H-Fluoren-9-ylmethyi 111- { I(2E)-4-(2,2-diphenylethytamino)-4-oxobut-2- 
enoyIamino}.6(tertbuty1dimethy1si1yIoxymethyI)undecyI1CarbamatC (17) 

k -- 

 

 - 

b 0 e 
Ph 	) N 

0 N 
d 	p 	 Yo  n ° 

Ph Hc 	0 
17 	 p q 

To a slurry of alcohol 16 (545 mg, 0.762 mmol) in dichioromethane (10 mL) was 

added imidazole (204 mg, 3.00 mmol) and teri-butyldimethylsilyl chloride (228 mg, 

1.52 mmol). The reaction mixture was stirred for 2 h during which time a colourless 

precipitate appeared. Water (2 mL) was added, and the reaction mixture was extracted 

with dichioromethane (5 mL). The organic layer was separated, washed with brine 

(sat., 5 mL). dried (Na2SO4) and concentrated to furnish the crude material which was 

purified by flash chromatography (Si02; ethyl acetate/petroleum ether, 1:4 to 1:1). 

Appropriate fractions were concentrated to furnish compound 17 as a colourless solid 

(400 mg, 63%); mp 118-120°C; 'H NMR (400 MHz, CDCI 3): 8 = 7.76 (d, J= 7.5 Hz, 

2H, Ha), 7.59 (d,J = 7.5 Hz, 2H, He), 7.40 (t,J = 7.4 Hz, 2H, I-It), 7.41-7.18 (m, 12H, 

He,, & Hq), 6.93 (d, J = 14.9 Hz, IH, Hdore),  6.75 (d, J = 14.6 Hz, IH, Hdore)  6.32 (t, 

J= 5.0 Hz, IH, H1), 6.02 (br t, 1H, H e), 4.86 (br t, IH, Hm ), 4.37 (d, J = 6.8 Hz, 2H, 

Ha), 4.23-4.17 (m, 2H, 1-Li  & H0), 3.94 (br dd, 2H, Hb),  3.43 (d, J = 5.3 Hz, 2H, H), 

3.29 (q, J = 6.5 I-lIz, 2H, Hg), 3.20-3.15 (m, 2H, H,), 1.51-1.19 (m, 17H, alkyl CH2  & 

alkyl CH & H,1), 0.88 (s, 9H, HO,  0.02 (s, 6H, Hi); ' 3C NMR (100 MHz, CDC13): ö = 

164.2 (amide C0), 164.1 (amide C0), 156.4 (carbamate C=O), 144.0 (Fmoc ArC q), 

141.5 (phenyl ArCq), 141.3 (Fmoc ArC q), 133.4 (CH(d ore)), 132.5 (CH(dor e)),  128.8 

(phenyl ArCH), 127.9 (phenyl ArCH), 127.6 (ArCHr), 127.01 (ATCH q), 126.95 

(phenyl ArCH), 125.0 (ArCH), 119.9 (ArCH 5), 66.5 (CH2(fl)), 65.6 (CH 2(, )), 50.3 

(CH,,), 47.3 (CH,,), 44.1 (CH2(b)), 41.1 (CH2( 0), 40.2 (CHCH20TBDMS), 39.8 

(CH2 )), 30.7 (2 x CH2), 29.9 (CH2), 29.3 (CH2), 27.2 (CH2), 27.1 (CH2), 26.44 

(CH2), 26.37 (CH 2), 25.9 (CH3 ( k )), 18.3 (Cq(CH3)3), —5.4 (CH); HRMS (FAB, 3-

NOBA matrix): m/z = 830.4923 [(M+H)] (anal. calcd for C 51 H68N305Si: m/z = 

830.4928). 

78 



Chapter 2 	 Compartmentalized Molecular Machines 

121 -(1,4,7,14,1 7,20-Hexaaza-2,6,1 5,1 9-tetraoxo-3,5,9,12,1 6,18,22,25-
tetrabenzocyclohexacosane)-(9H-Fluoren-9-yIflIethYI 111-11(2E)-4- 
(diphenylethylamino)-4-oxobut-2-enoylI amino} -6-(terl-
butyldimethylsilyloxymethyl)ufldeCylI carbamate)-rotaxane (18) 

Ph T , )y0 

F  H C( 	 0 

Thread 17 (180 mg, 0.217 mmol) and triethylamine (100 pL) were dissolved in 

chloroform (30 mL) under nitrogen and stirred vigorously whilst solutions of the 

mixture of p-xylylenediamine (237 mg, 1.74 mmol) and triethylaniine (448 pL, 4.34 

mmol) in chloroform (12 mL) and isophthaloyl dichloride (353 mg, 1.74 mmol) in 

chloroform (12 mL) were simultaneously added over a period of 3 h using motor-

driven syringe pumps. The reaction mixture was stirred for a further 2 h under 

nitrogen. The resulting precipitate was removed by filtration and washed with 

chloroform. The filtrates were evaporated under reduced pressure to afford a solid 

which was purified by flash chromatography on silica to yield, in order of elution, the 

unconsumed thread 17 (ethyl acetate/petroleum ether, 1:1) and the desired rotaxane 18 

(methanol/chloroform, 2:98) as a colourless solid (200 mg, 68%); mp 248-250 °C; 'H 

NMR (400 MHz, CDC13): 6 = 8.27 (br s, 2H, H C), 8.06 (d, J = 7.8 Hz, 4H, HB),  8.02 

(br s, IH, He), 7.74 (d, J = 7.6 Hz, 2H, He), 7.71 (br t, 4H, HD), 7.59-7.53 (m, 5H, H4  

& H-& Hr). 7.37 (t, J = 7.5 Hz, 2H, Hr), 7.28-7.13 (m, 12H, Hph & Hq), 6.95 (s, 8H, 

HF), 5.71 (s, 2H, Hd & He), 5.00 (t, J = 5.8 Hz, 1H, Hm), 4.42 (br s, 8H, HE), 4.34 (d, J 

= 7.1 Hz, 2H, 1-Ia), 4.26 (t, J= 7.8 Hz, 1H, Ha), 4.19 (t, J = 6.9 Hz, lH, H0), 3.85 (t, J 

= 6.4 Hz, 21-I, Hh),  3.40 (d, J = 5.0 Hz, 2H, H), 3.14-3.10 (m, 4H, Hg  & H,), 1.46-1.22 

(m, 17H, alkyl CH2 & alkyl CH & Hh), 0.82 (s, 9H, HO, -0.03 (s, 6H, I-I '); ' 3C NMR 

(100 MHz, CDC13): 8 = 166.6 (macrocycle C0), 165.7 (amide C=O), 165.3 (amide 

C=O), 156.5 (carbamate CO), 143.9 (Fmoc ArC q), 141.4 (phenyl ArC q), 141.2 

(Fmoc ArCq), 136.8 (xylyl ArC q), 133.5 (isophthaloyl ArC q), 131.2 (ArCHB), 129.8 

(CH(d or e)), 129.6 (CH(d or e)),  129.1 (ArCHA  & ArCHF), 128.9 (phenyl ArCH), 127.8 

(phenyl ArCH), 127.6 (ArCHr), 127.2 (ArCH q), 127.0 (phenyl ArCH), 125.0 

(ArCH,,), 124.5 (ArCHc), 119.9 (ArCH), 66.5 (CH 2(fl)), 65.4 (CH2(I)), 50.3 (CH,,,), 
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47.2 (CH,). 44.8 (CH20)), 44.2 (CH2 ( ), 41.0 (CH2(,)), 40.1 (CH2 )), 40.0 

(CHCI-I20TBDMS), 30.9 (Cl-I 2), 30.8 (CH2), 29.9 (CH2), 29.2 (CH2), 27.5 (CH2), 

27.1 (CH2). 26.51 (CH2), 26.45 (CH2), 25.9 (CH3(k )), 18.2 (Cq(CH3)3), -5.4 (CH3); 

HRMS (FAB, 3-NOBA matrix): m/z = 1362.7038 [(M+H)] (anal. calcd for 

C83H96N 709Si: m/z = 1362.7037). 

N-(Pyridin-4-y1methyl)aniline (19) 
b 	C 

d 

g 
19 

Aniline (3.00 mL, 33.0 mmol) in methanol (200 mL) was treated with pyridine-4-

carboxaldehyde (3.18 mL, 33.3 mmol) to give a yellow solution which was heated at 

refiux for 3 h. The reaction mixture was then cooled to 0 °C and sodium borohydride 

(3.80 g, 99.9 mmol) was added portionwise. The resulting mixture was allowed to stir 

for 16 h, warming slowly to room temperature. After this time, the reaction was 

quenched with sodium hydrogen carbonate ( '/2 sat. aq ., 100 mL) and extracted with 

diethyl ether (3 x 200 niL). Combined organics were washed with brine (sat., 400 mL) 

then dried (MgSO4) and evaporated under reduced pressure. The crude material was 

filtered through a silica plug, (neat dichloromethane then methanolldichloromethane, 

2:98) to give 19 as a colourless solid which turns pale yellow in air (3.85 g, 64%); mp 

104-106 °C; 'H NMR (400 MHz, CDC13): 6 = 8.55 (d, J = 5.8 Hz, 2H, Ha), 7.30 (d, J 

= 5.3 Hz, 2H, H,,), 7.17 (t, J = 7.8 Hz, 21-1, I-It), 6.74 (dt, J = 7.3 Hz and J = 0.8 Hz, 

1 H, Hg), 6.58 (dd, J = 8.3 Hz and J = 0.8 Hz, 2H, He), 4.39 (s, 2H, H,), 4.22 (br s, 1 H, 

Hd); ' 3C NMR (100 MHz, CDC13): ö = 149.9 (ArCH a), 149.1 (pyridyl ArCq), 147.4 

(phenyl ArCq), 129.3 (ArCHf), 122.1 (ArCH,,), 118.1 (ArCHg), 112.8 (ArCH e), 47.0 

(CH2 ); 1-IRMS (FAB, 3-NOBA matrix): m/z = 185.1077 [(M+H)] (anal. calcd for 

C,2H 1 3N2: ,n/z = 185.1079). 

80 



Chapter 2 	 Compartmentalized Molecular Machines 

4-Oxo4-(phenyl(pyridin4-ylmethyl)amif101 butanoic acid (20) 
0 

a 	 OH 

20 

To a solution of succinic anhydride (701 mg, 7.01 mmol) in tetrahydrofuran (15 mL) 

was added 4-(dimethylamino)pyridine (10.0 mg, 82.0 nmol) followed by dropwise 

addition of amine 19 (1.29 g, 7.01 mmol) in tetrahydrofuran (20 mL). The resulting 

mixture was heated to reflux for 24 h, during which time a colourless precipitate 

formed. After cooling to room temperature, 20 was recovered as a colourless solid by 

filtration and washing with a small amount of cold dichloromethane (1.61 g, 81%); 

mp 190-192 °C; 'H NMR (400 MHz, CD 30D): ö = 8.44 (d, J = 5.9 Hz, 2H, Ha), 7.44 

7.26 (m, 7H, Hph & H,,), 4.96 (s, 2H, H e), 2.60 (t, J = 6.4 Hz, 2H, He), 2.41 (t, J = 6.4 

Hz, 2H, Hd);  ' 3C NMR (100 MHz, CD30D): ö = 176.5 (acid C0), 174.5 (amide 

C0), 150.1 (ArCHa), 149.5 (pyridyl ArCq), 143.4 (phenyl ArC q), 131.0 (phenyl 

ArCH), 129.7 (phenyl ArCH), 129.4 (phenyl ArCH), 124.8 (ArCHb), 53.4 (CH C ,), 

30.3 (CH2(d or e)), 30.2 (CH2(d or e)) HRMS (FAB, THIOG matrix): m/z = 285.1240 

[(M+H)] (anal. calcd for C 16H 17N203: m/z = 258.1239). 

12 I-(1 ,4,7, 14,1 7,20-Hexaaza-2,6,1 5,19-tetraoxo-3,5,9,12, 16,18,22,25-
tetrabenzocyclohexacosane)- t(2E)-N- I6-(tert-Buty1dimethy1si1yIoxYmethy1)-1 1-
({4oxo_4 [ph eny1(py rid in4y1methyJ)amiflO1bUtaflOY1IamiflO)UndCCYlI -IV -(2,2 
diphenylethyl)but-2-enediamide}-rotaxane (fum-E-5) 

0, 	0 

E NH N. 

J Ph 	 N 	

P 

ft,m-E-5 

Rotaxane 18 (200 mg, 0.147 mmol) was dissolved in tetrahydrofuran/acetonitrile (1:3, 

8 mL). Piperidine (700 mg, 8.22 mmol) was added and the reaction was allowed to 

stir for 2.5 h. The reaction mixture was concentrated under reduced pressure and the 

crude material was purified by flash chromatography (Si02; 

methanoLfdichloromethane, 2:98 then methanol/ammonia/dichioromethane, 6:0.75:93) 

to afford the free amine, which was used directly in the following step. 
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Carboxylic acid 20 (50.3 mg, 0.176 mmol) was dissolved in dichloromethane (5 mL) 

and the solution was cooled to 0 °C. I -[3-Dimethylaminopropyl]-3-ethylcarbodiimide 

hydrochloride (41.0 mg, 0.211 mmol), 1-hydroxybenzotriazole hydrate (29.0 mg, 

0.211 mmol) and triethylamine (90.0 pL, 0.849 mmol) were added at 0'C. The 

reaction mixture was allowed to stir at room temperature for 30 mm. A solution of the 

above amine in tetrahydrofuran (15 mL) was added to the activated acid. The reaction 

mixture was stirred for 14 h. Solvent was removed under reduced pressure and the 

residue taken up in dichloromethane (15 mL), washed with sodium hydrogen 

carbonate (sat. aq ., 10 mL) and brine (sat., 10 mL), then dried (Na2SO4) and 

concentrated under reduced pressure to furnish the crude product which was purified 

by flash chromatography (Si02; methanolldichloromethane, 1:99 to 3:97) to givefum-

E-5 as a colourless solid (100 mg, 48%); mp > 300'C (decomp.); 'H NMR (400 

MHz, CDC13): ö= 8.64 (brt, 1H, Hj), 8.48 (brt, IH, H e), 8.41 (d,J = 5.0 Hz, 2H, He), 

8.24 (s, 2H, Hc),  8.03 (d, J = 7.9 Hz, 4H, HB), 7.77 (br s, 4H, HD),  7.52 (t, J = 7.7 Hz, 

2H, HA), 7.39-7.06 (m, 17H, Hph & He), 6.98 (s, 8H, H e), 6.35 (t, J = 5.5 Hz, IH, Ha), 

5.78 (s, 2H, I1d & He), 4.79 (d, I = 15.6 Hz, 1H, Hq), 4.75 (d, J = 16.0 Hz, 1H, Hq '), 

4.43 (br s, 8H, HE), 4.30 (t, J =7.8 Hz, 1H, Ha), 3.89 (br dd, 2H, H,,), 3.42-3.34 (m, 

2H, H), 3.21-3.14 (m, 41-1, Hg  & Hm), 2.45-2.39 (m, 4H, H0  & He), 1.51-1.42 (m, 4H, 

H,, & H1), 1.34-1.10 (m, 13H, alkyl CH2 & alkyl CH), 0.83 (s, 9H, Hk),  —0.03 (s, 6H, 

H1); ' 3C NMR (100 MHz, CDC13): ö = 172.7 (succinamide C0), 172.0 (succinamde 

C=O), 166.6 (macrocycle C0), 165.7 (fumaramide C=O), 165.4 (fumaramide C=O), 

148.6 (ArCH), 146.5 (pyridyl ArC q), 141.9 (phenyl ArC q), 141.5 (phenyl ArC q), 

136.9 (xylyl ArC q), 133.6 (isophthaloyl ArC q), 131.2 (ArCHB), 130.0 (phenyl ArCH), 

129.9 (CH(d or e)), 129.4 (CH (d or e)), 129.1 (ArCHF), 128.9 (ArCHA ), 128.8 (phenyl 

ArCH), 128.5 (phenyl ArCH), 127.9 (phenyl ArCH), 127.8 (phenyl ArCH), 127.1 

(phenyl ArCH), 124.6 (ArCHc), 123.3 (AfCH r), 65.6 (CH2 (I)), 52.7 (CH2(q )), 50.4 

(CH0), 44.8 (CH2(b )), 44.2 (CH2(E)), 40.2 (CHCH20TBDMS), 40.0 (CH2 (g)), 39.5 

(CH2(m)), 31.4 (CH2), 30.71 (CH2), 30.66 (CH2), 29.9 (CH2), 29.7 (CH2), 29.5 (CH2), 

29.1 (CM2), 27.4 (CH 2), 27.2 (CH2), 26.4 (CH2), 25.9 (CH3(k)), 18.3 (Cq(CH3)3), _3.3 

(CH3(j)); HRMS (FAB, 3-NOBA matrix): m/z = 1406.7405 [(M+H)] (anal. calcd for 

C84H 100N9O9Si: m/z = 1406.7413). 
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121-(1 ,4,7,14,1 7,20-Hexaaza-2,6,15,19-tetraoxo-3,5,9, 12,16,18,22,25-
tetrabenzocyclohexacosane)- (N(2,2-Dipheny1ethyI)-iV'-I6-(tert-
butyldimethylsilyloxymethyl)-1 1 -( 14-oxo-4-  I phenyl(pyridin-4-
ylmethyflaminojbutanoyl}amino)undecyllsucciflamide}-rOtaXafle (succl-3) 

ro 	 k 

E 
N 
 H 

Ph J N  

Ph 	
g 	 m 	p  1iII:I4 

- 	 succl-3 

A solution of fum-E-5 (10.0 mg, 711 nmol) in tetrahydrofuran (5.0 mL) was treated 

with PdIC (10 %, 10 mg portions added every 2 h) and stirred under an atmosphere of 

H2  at 1 atm for 6 h. The reaction mixture was filtered through Celite. The filtrate was 

concentrated under reduced pressure to furnish succl-3 as a colourless solid (8.85 mg, 

90%); mp> 300 °C (decomp.); 'H NMR (400 MHz, CDCI3): 6 = 8.41 (br s, 4H, H c  & 

Hi), 8.16 (dd, J= 7.8 Hz and J= 1.3 Hz, 4H, H8), 7.77 (br t, 4H, HD),  7.55 (t, J = 7.8 

Hz, 2H, HA), 7.38-7.13 (m, 17H, Hph & Hr), 7.02 (s, 8H, HF),  6.82 (br t, IH, Hj), 6.09 

(t, J= 5.2 Hz, IH, H,7), 5.95 (br t, 1H, H e), 4.89 (d, J= 15.6 Hz, 1H, Hq), 4.84 (d, J 

15.8 Hz, 1H, Hq'), 4.53-4.42 (m, 8H, HE), 4.04 (t, J = 7.9 Hz, IH, Ha), 3.61 (dd, J 

7.4 Hz and J= 5.9 Hz, 2H, H,,), 3.41 (d, J = 5.6 Hz, 2H, H), 3.19 (q, J = 6.5 Hz, 2H, 

tIm). 3.01 (q, J = 6.5 Hz, 2H, Hg), 2.47-2.41 (m, 4H, H0  & He). 1.48-1.39 (m, 4H, Hh 

& H,), 1.33-1.13 (m, 13H, alkyl CH2 & alkyl CH), 1.05-0.91 (m, 4H, Hd& He), 0.85 

(s, 9H, Hk), 0.00 (s, 6H, Hi); ' 3C NMR (100 MHz, CDC13): 6 = 172.92 (succinamide 

C=O), 172.88 (succinamide C0), 172.7 (succinamide C=O), 172.0 (succinamide 

C=O), 166.5 (macrocycle C=O), 148.7 (ArCH), 146.6 (pyridyl ArC q), 141.9 (phenyl 

ArCq), 141.5 (phenyl ArCq), 137.9 (xylyl ArCq), 133.9 (isophthaloyl ArCq), 131.5 

(ArCHB), 130.0 (phenyl ArCH), 129.14 (ArCHF), 129.09 (ArCHA), 128.9 (phenyl 

ArCH), 128.6 (phenyl ArCH), 127.9 (phenyl ArCH), 127.8 (phenyl ArCH), 127.1 

(phenyl ArCH), 124.1 (ArCHc), 123.5 (ArCH r), 65.7 (CH2 (I)), 52.7 (CH2(q)), 50.4 

(CHa), 44.0 (CH2(b)), 43.9 (CH2(E)), 40.2 (CHCH20TBDMS), 39.8 (CH2(g)), 39.6 

(CH2(rn)), 31.3 (CH2), 30.7 (CU2), 30.6 (CH2), 29.8 (CH2), 29.7 (CH2), 29.5 (CU2), 

29.4 (CH2), 29.3 (CH2), 27.3 (CU2), 27.2 (CU2), 26.5 (CU2), 26.4 (CH2), 25.9 

(CH3(k)), 18.3 (Cq(CH3)3), —4.7 (CH3 v ,); HRMS (FAB, 3-NOBA matrix): m/z = 

1408.7 105 [(M+H)] (anal. calcd for C84H,02N9O9Si: m/z = 1408.7113). 
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(2E)-N- t6(Iert-ButT1dimethy1si1y1oxymethy1)-1 1 -( {4-oxo-4-  I phenyl(pyridin-4-
ylmethyl)aminolbutanoyl}amino)ufldeCYII-JV-(2,2-diPheflYlethYl)but2 
enediamide (E-6) 

k 	- 

O 	
q 

Ph a ) I m : :  

Ph H 
C 	

0 	
E-6 	

Ph 	-N 

Compound 17 (40.0 mg, 0.0483 mmol) was dissolved in tetrahydrofuran/acetonitrile 

(1:3, 800 ILL). Piperidine (170 mg, 1.99 mmol) was added and the reaction was 

allowed to stir for 2.5 h at room temperature. The reaction mixture was concentrated 

under reduced pressure and the crude material was purified by flash chromatography 

(Si02; methanol/dichioromethane, 2:98 then methanol/ammonialdichloromethane, 

6:2:92) to afford the free amine, which was used directly in the following step. 

Carboxylic acid 20 (13.8 mg, 0.0487 mmol) was dissolved in dichioromethane 

(1.0 niL) and the solution was cooled to 0°C. 1-[3-Dimethylaminopropyl]-3-

ethylcarbodiimide hydrochloride (12.0 mg, 0.0625 mmol), 1-hydroxybenzotriazole 

hydrate (9.56 mg, 0.0625 mmol) and triethylamine (40.0 mg, 0.396 mmol) were 

added at 0 °C. The reaction mixture was allowed to stir at room temperature for 30 

mm. A solution of the above amine in tetrahydrofuran (15 mL) was added to the 

activated acid. The reaction mixture was stirred for 14 h. Solvent was removed under 

reduced pressure and the residue taken up in dichloromethane (15 mL), washed with 

sodium hydrogen carbonate (sat. aq ., 10 mL) and brine (sat., 10 mL), then dried 

(Na2SO4) and concentrated to furnish the crude product which was purified by flash 

chromatography (Si02; methanolldichloromethane, 1:99 to 5:95) to give E-6 as a 

colourless oil (20.0 mg, 47%); 'H NMR (400 MHz, CDC1 3): 8 = 8.51 (d, J = 5.8 Hz, 

2H, Ha), 7.38-7.10 (m, 17H, Hph & Hr), 6.89 (d, 1 = 14.8 Hz, 1H, 1-Lj), 6.76 (d, J-

14.9 Hz, 1H, Hd ore), 6.44 (t, J = 5.5 Hz, 1H, Hj), 6.29 (t, J = 5.2 Hz, 111, Ha), 6.23 (t, 

J = 5.6 Hz, IH, He), 4.83 (s, 2H, Hq), 4.21 (t, J = 7.9 Hz, 1H, Ha), 3.95 (br dd, 2H, 

H,,), 3.41 (d,J = 5.4 Hz, 2H, H), 3.30 (q,J = 6.6 Hz, 2H, Hg), 3.23-3.18 (m, 2H, Hm ), 

2.50-2.44 (m, 4H, H0  & He), 1.53-1.45 (m, 4H, H,, & H1), 1.42-1.25 (m, 13H, alkyl 

CH2 & alkyl CH), 0.87 (s, 9H, Hk),  0.01 (s, 6H, Hi); ' 3C NMR (100 MHz, CDC13): ö = 

172.7 (succinamide C0), 171.9 (succinamide C=O), 164.5 (fumaramide C=O), 

164.4 (fumaramide C=O), 149.8 (ArCH), 146.4 (pyridyl ArC q), 141.8 (phenyl ArC q), 

141.7 (phenyl ArC q), 133.5 (CH(d ore )), 132.5 (CH(d ore )), 129.9 (phenyl ArCH), 128.7 
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(phenyl ArCH), 128.4 (phenyl ArCH), 128.0 (phenyl ArCH), 127.9 (phenyl ArCH), 

126.9 (phenyl ArCH), 123.0 (ArCH,.), 65.8 (CH 1), 52.4 (CH2(q)), 50.3 (CH,,), 44.2 

(CH2(b)), 39.8 (CHCH20TBDMS), 39.6 (CH2 (g  or m)), 39.5 (CH2(g  or m)), 31.3 (CH2), 

30.3 (CH2), 30.2 (CH2), 29.8 (CH2), 29.4 (CH2), 29.1 (CH2), 27.0 (CH2), 26.8 (CH2), 

26.3 (CH2), 26.0 (CH2), 25.9 (CH3(k)), 18.3 (Cq(CH3)3), —5.4 (CH); HRMS (FAB, 3-

NOBA matrix): m/z = 874.5303 [(M+H) 4 ] (anal. calcd for C 52H72N505Si: m/z = 

874.5303). 

N-(2,2-Diphenylethyl)-N'-[6-(lert-butyld imethylsiiyloxymethyl)- 11 -( 14-oxo-4- 
IphenyI(pyridin-4-ylmethyi)aminoI butanoyt}amino)undecyljsuccinamide (4) 

k 

b 	e 	
f 

h 	
0 	

1 	o 	q 
Ph  

d 	g 	 m 	p Ph 	N 

A solution of E-6 (20.0 mg, 0.0229 mmol) in tetrahydrofuran (5.0 mL) was treated 

with Pd/C (10 %, 10 mg portions added every 2 h) and stirred under an atmosphere of 

H2 at I atm for 6 h. The reaction mixture was filtered through Celite. The filtrate was 

concentrated under reduced pressure to furnish 4 as a colourless oil (18.1 mg, 90%); 

'H NMR (400 MHz, CDC1 3): 6 = 8.52 (br s, 2H, H5), 7.38-7.09 (m, 17H, Hph & Hr), 

6.07-6.01 (m, 21-1, ft & H 01 ), 5.95 (t, J= 5.1 Hz, 1H, horn), 4.87 (s, 2H, Hq ), 4.17 

(t, J = 8.0 Hz, 1H, Ha), 3.86 (dd, J = 7.9 Hz and J= 5.8 Hz, 2H, Hb),  3.43 (d, J = 5.5 

Hz, 2H, H 1), 3.23-3.14 (m, 411, Hg  & Hm), 2.48-2.42 (m, 4H, H0  & Hr), 2.39 (m, 4H, 

Hd & He), 1.50-1.45 (m, 4H, ft & H1), 1.42-1.17 (m, 131-I, alkyl CH 2  & alkyl CH), 

0.87 (s, 91-1, Hk). 0.02 (s, 6H, Hi); ' 3C NMR (100 MHz, CDCI3): 6 = 172.5 

(succinamide C=O), 172.2 (succinamide C=O), 172.0 (succinamide C0), 171.9 

(succinamide C0), 149.3 (ArCH 5), 145.9 (pyridyl ArC q), 141.83 (phenyl ArCq), 

141.79 (phenyl ArC q), 130.0 (phenyl ArCH), 128.7 (phenyl ArCH), 128.5 (phenyl 

ArCH), 128.0 (2 x  phenyl ArCH), 126.8 (phenyl ArCH). 123.3 (ArCHr), 65.6 

(CH2(i)), 52.5 (CH2(q)), 50.5 (CH,,), 43.8 (CH2(b)), 40.1 (CHCH 20TBDMS), 39.60 

(CH2(gorm)), 39.55 (CH2(gorm)), 31.8 (CH2), 31.7 (CH2), 31.4 (CH 2), 30.7 (CH2), 30.6 

(CH2), 29.9 (CH2), 29.7 (CH2), 29.5 (CH 2), 29.4 (CH2), 27.0 (CH2), 26.9 (CH2), 26.2 

(CH2), 25.9 (CH3(k)), 18.3 (Cq(CH3)3), —4.4 (CH 3,,,); HRMS (FAB, 3-NOBA matrix): 

m/z = 876.5451 [(M+H)] (anal. calcd for C 52H74N 50 5Si: m/z = 876.5459). 
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Tait, also quoted in C. G. Knott, Life  and Scientific Work of Peter Guthrie 
Tait, Cambridge University Press, London, 1911, pp.  214-215 and ref. [3]. A 
pressure demon is able to operate in a system linked to a constant-temperature 
reservoir with the sole effect of using energy transferred as heat from that 
reservoir to do work (see Szilard's engine, Figure 2.1c, ref. [6]). This is in 
conflict with the Kelvin—Planck form of the Second Law, whereas the 
temperature demon challenges the Clausius definition. 

Smoluchowski's trapdoor [(a) M. von Smoluchowski, Physik. Z. 1912, 13, 
1069-1080; (b) M. von Smoluchowski, Vortgage uber die Kinetische Theorie 
der Materie und der Elekirizitat (Ed.: M. Planck), Teubner und Leipzig, 
Berlin. 1914, pp.  89-121 ] aims to transport particles selectively from the left 
compartment to the right in Figure 2.1d. However, in the absence of a 
mechanism whereby the trapdoor can dissipate energy, it will be at thermal 
equilibrium with its surroundings. This means that it must spend much of its 
time open, unable to influence particle transport. Rarely, it will be closed when 
a particle approaches from the right and will open on collision with a particle 
coming from the left - doing its job as intended. Such events are balanced, 
however, by the door snapping shut on a particle from the right, pushing it into 
the left chamber. Overall, the probability of a particle moving from left to right 
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is equal to that for moving right to left and so the trapdoor cannot accomplish 
its intended function adiabatically. 

L. Szilard, Z Phys. 1929, 53, 840-856. 

R. P. Feynnian, R. B. Leighton, M. Sands, The Feynman Lectures on Physics. 
Vol. 1, Addison-Wesley, Reading, MA, 1963, Chapter 46. 

For the realization of Feynman's ratchet-and-pawl in molecular form, see: a) 
T. R. Kelly, I. Tellitu, J. P. Sestelo, Angew. Chem. ml. Ed Engl. 1997, 36, 
1866-1868. For nonadiabatic molecular versions which unidirectionally rotate, 
see: b) T. R. Kelly, H. Dc Silva, R. A. Silva Nature 1999, 401. 150-152; c) D. 
A. Leigh, J. K. Y. Wong, F. Dehez, F. Zerbetto, Nature 2003, 424, 174-179; d) 
J. V. Hemández, E. R. Kay, D. A. Leigh, Science 2004, 306, 1532-1537 
(reprinted, in fill, in the Appendix and the basis for Chapter 3). For other 
types of rotary molecular motors, see: e) N. Koumura, R. W. J. Zijlstra, R. A. 
van Delden, N. 1-larada, B. L. Feringa., Nature 1999, 401, 152-155; f) N. 
Koumura, E. M. Geertsema, A. Meetsma., B. L. Feringa, J. Am. Chem. Soc. 
2000, 122, 12005-12006; g) N. Koumura, E. M. Geertsema, M. B. van Gelder, 
A. Meetsma, B. L. Feringa, J. Am. Chem. Soc. 2002, 124, 5037-5051; h) E. M. 
Geertsema, N. Koumura, M. K. J. ter Wiel, A. Meetsma., B. L. Feringa, Chem. 
Commun. 2002, 2962-2963; i) R. A. van Delden, N. Koumura, N. Harada, B. 
L. Feringa, Proc. Nat! Acad. Sci. USA 2002, 99, 4945-4949; j) M. K. J. ter 
Wiel, R. A. van Delden, A. Meetsma, B. L. Feringa, .J. Am. Chem. Soc. 2003, 
125, 15076-15086; k) R. A. van Delden, N. Koumura, A. Schoevaars, A. 
Meetsma, B. L. Feringa, Org. Biomol. Chem. 2003, 1, 33-35; 1) M. K. J. ter 
Wiel, R. A. van Delden, A. Meetsma, B. L. Feringa, J. Am. Chem. Soc. 2005, 
127, 14208-14222; m) D. Pijper, R. A. van Delden, A. Meetsma, B. L. 
Feringa, J. Am. Chem. Soc. 2005, 127, 17612-17613; n) M. K. J. ter Wiel, R. 
A. van Delden, A. Meetsma, B. L. Feringa, Org. Biomol. Chem. 2005, 3, 
4071-4076; o) R. A. van Delden, M. K. J. ter Wiel, M. M. Pollard, J. Vicario, 
N. Koumura, B. L. Feringa, Nature 2005, 437, 1337-1340; p) T. Fujita, S. 
Kuwahara, N. 1-larada, Eur. J. Org. Chem. 2005, 4533-4543; q) S. Kuwahara, 
T. Fujita, N. Harada, Eur. J. Org. Chem. 2005, 4544-4556; r) S. P. Fletcher, F. 
Dumur, M. M. Pollard, B. L. Feringa, Science 2005, 310, 80-82; s) Y. Lin, B. 
J. Dahl, B. P. Branchaud, Tetrahedron Lett. 2005, 46, 8359-8362. 

a) G. Schill, Catenanes, Rotaxanes and Knots, Academic Press, New York, 
1971; b) D. B. Amabilino, J. F. Stoddart, Chem. Rev. 1995, 95, 2725-2828; c) 
Molecular Catenanes Rotaxanes and Knots (Eds.: J.-P. Sauvage, C. 0. 
Dietrich-Buchecker), Wiley-VCH, Weinheim, 1999. 

J. S. Hannam, S. M. Lacy, D. A. Leigh, C. G. Saiz, A. M. Z. Slawin, S. G. 
Stitchell, Angew. Chem. ml. Ed 2004, 43, 3260-3264. 

a) P. L. Anelli, N. Spencer, J. F. Stoddart, J. Am. Chem. Soc. 1991, 113, 5131-
5133. For the first example of an amide-based molecular shuttle, see: b) A. S. 
Lane, D. A. Leigh, A. Murphy, I Am. Chem. Soc. 1997, 119, 11092-11093. 
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The key feature of a rotaxane architecture from the point of view of molecular-
level machines is that movement of the macrocycle in any direction other than 
along the thread is resisted by enormous steric forces up until the breaking 
point of covalent bonds in the macrocycle or the thread. This is a 
fundamentally different situation to a host-guest complex when, following de-
complexation from the binding site, the motion of the ring is not restricted in 
any dimension and it is free to exchange with others in the medium. Simple 
host-guestlsupramolecular systems cannot function as nanoscale mechanical 
machines unless restrictions on the exchange of the unbound species with the 
bulk apply (as happens with kinetically stable pseudorotaxanes) or the binding 
event brings about a mechanical (i.e. conformational) change in one of the 
molecular components. Similarly, molecules that are not kinetically stable - 
this includes some rotaxanes that are thermodynamically stable but kinetically 
labile - cannot behave as molecular machines if they exchange components 
with the bulk quicker than the timescale of their stimuli-induced change of 
position. Molecular machines designed to exploit motion have to be kinetically 
associated with their substrates throughout the operation of the machine. 

For examples of photochemically responsive molecular shuttles, see: a) A. C. 
Benniston, A. Harriman, Angew. Chem. ml. Ed. Engl. 1993, 32, 1459-1461; b) 
A. C. Benniston, A. Harriman, V. M. Lynch, Tetrahedron Left. 1994, 35, 
1473-1476; c) A. C. Benniston, A. Harriman, V. M. Lynch, J. Am. Chem. Soc. 
1995, 117, 5275-5291; d) H. Murakami, A. Kawabuchi, K. Kotoo, M. 
Kunitake, N. Nakashima, J. Am. Chem. Soc, 1997, 119, 7605-7606; e) N. 
Armaroli, V. Balzani, J.-P. Collin, P. Gavina, J.-P. Sauvage, B. Ventura, .1. 
Am. Chem. Soc. 1999, 121, 4397-4408; f) P. R. Ashton, R. Ballardini, V. 
Baizani, A. Credi, K. R. Dress, E. Ishow, C. J. Kleverlaan, 0. Kocian, J. A. 
Preece, N. Spencer, J. F. Stoddart, M. Venturi, S. Wenger, Chem. Eur. J. 2000, 
6, 3558-3574; g) G. W. H. Wurpel, A. M. Brouwer, I. H. M. van Stokkum. A. 
Farran, D. A. Leigh, J. Am. Chem. Soc. 2001, 123, 11327-11328; h) A. M. 
Brouwer, C. Frochot, F. G. Gatti, D. A. Leigh, L. Mottier, F. Paolucci, S. 
Roffia, G. W. H. Wurpel, Science 2001, 291, 2124-2128; i) C. A. Stanier, S. J. 
Alderman, T. D. W. Claridge, H. L. Anderson, Angew. Chem. In!. Ed. 2002, 
41, 1769-1772;j) A. Altieri, G. Bottari, F. Dehez, D. A. Leigh, J. K. Y. Wong, 
F. Zerbetto, Angew. Chem. mt. Ed. 2003, 42, 2296-2300; k) W. Abraham, L. 
Grubert, U. W. Grummt, K. Buck, Chem. Eur. J. 2004, 10, 3562-3568; 1) H. 
Murakami, A. Kawabuchi, R. Matsumoto, T. Ido, N. Nakashima, .1. Am. 
Chem. Soc. 2005, 127, 15891-15899; m) S. Schmidt-Schaffer, L. Grubert, U. 
W. Grummt, K. Buck, W. Abraham, Eur. J. Org. Chem. 2006,378-398; n) Q.-
C. Wang, Q. Ma, D.-H. Qu, H. Tian, Chem. Eur. 1 2006, 12, 1088-1096; o) V. 
Balzani, M. Clemente-LeOn, A. Credi, B. Ferrer, M. Venturi, A. H. Flood, J. F. 
Stoddart, Proc. Nail. Acad. Sci. USA 2006, 103, 1178-1183. 

For an example of entropy-driven shuttling, see: G. Bottari, F. Dehez, D. A. 
Leigh, P. J. Nash, E. M. Perez, J. K. Y. Wong, F. Zerbetto, Angew. Chem. In!. 
Ed. 2003, 42, 5886-5889. 

For examples of electrochemically responsive molecular shuttles, see refs. 
[13e, 13f, 13o] and: a) R. A. Bissell, E. Córdova, A. E. Kaifer, J. F. Stoddart, 
Nature 1994, 369, 133-137; b) J.-P. Collin, P. Gaviña, J.-P. Sauvage, New J. 
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Chem. 1997, 21, 525-528; c) R. Ballardini, V. Baizani, W. Dehaen, A. E. 
DelI'Erba., F. M. Raymo, J. F. Stoddart, M. Venturi, Eur. I Org. Chem. 2000. 
591-602; d) A. Altieri, F. G. Gatti, E. R. Kay, D. A. Leigh, D. Martel, F. 
Paolucci, A. M. Z. Slawin, J. K. Y. Wong, J. Am. Chem. Soc. 2003, 125, 8644-
8654 (reprinted, in full, in the Appendix and the basis for Chapter 5); e) B. 
Long, K. Nikitin, D. Fitzmaurice, I. Am. Chem. Soc. 2003, 125, 15490-15498; 
f) N. Kihara, M. Hashimoto, T. Takata, Org. Lett. 2004, 6, 1693-1696; g) H.-
R. Tseng, S. A. Vignon, P. C. Celestre, J. Perkins, J. 0. Jeppesen, A. Di Fabio, 
R. Ballardini, M. T. Gandolfi, M. Venturi, V. Baizani, J. F. Stoddart, Chem. 

Eur. J. 2004, 10, 155-172; h) A. H. Flood, A. J. Peters, S. A. Vignon, D. W. 
Steuerman, H.-R. Tseng, S. Kang, J. R. Heath, J. F. Stoddart, Chem. Eur. I. 

2004, 10, 6558-6564; i) H.-R. Tseng, D. M. Wu, N. X. L. Fang, X. Zhang, J. 
F. Stoddart, ChemPhysChem 2004, 5, 111-116; j) D. W. Steuerman, H.-R. 
Tseng, A. J. Peters, A. H. Flood, J. 0. Jeppesen, K. A. Nielsen, J. F. Stoddart, 
J. R. Heath, Angew. Chem. In!. Ed. 2004, 43, 6486-6491; k) J. 0. Jeppesen, S. 
Nygaard, S. A. Vignon, J. F. Stoddart, Eur. J. Org. Chem. 2005, 196-220. 

[16] For examples of chemically responsive molecular shuttles, see refs. [1 ib, 15g. 
15k] and: a) C. G. Gong, H. W. Gibson, Angew. Chem. mt. Ed. Engl. 1997, 36, 
2331-2333; b) C. G. Gong, T. E. Glass, H. W. Gibson, Macromolecules 1998, 

31, 308-313; c) M. C. Jiménez, C. Dietrich-Buchecker, J.-P. Sauvage, Angew. 
Chem. mt. Ed. 2000, 39, 3284-3287; d) J. W. Lee, K. P. Kim, K. Kim, Chem. 

Commun. 2001, 1042-1043; e) M. C. Jimenez-Molero, C. Dietrich-Buchecker, 
J.-P. Sauvage, Chem. Eur. 1 2002, 8, 1456-1466; f T. Da Ros, D. M. Guldi, 
A. F. Morales, D. A. Leigh, M. Prato, R. Turco, Org. Let!. 2003, 5, 689-691; 
g) H.-R. Tseng, S. A. Vignon, J. F. Stoddart, Angew. Chem. In!. Ed. 2003, 42, 
1491-1495; h) B. W. Laursen, S. Nygaard, J. 0. Jeppesen, J. F. Stoddart, Org. 

Lett. 2004, 6, 4167-4170; i) T. J. Huang, H.-R. Tseng, L. Sha, W. X. Lu, B. 
Brough, A. H. Flood, B.-D. Yu, P. C. Celestre, J. P. Chang, J. F. Stoddart, C.-
M. Ho, Nano Let!. 2004, 4, 2065-2071; j) D. A. Leigh, E. M. Perez, Chem. 
Cominun. 2004, 2262-2263; k) K. Norgaard, B. W. Laursen, S. Nygaard, K. 
Kjaer, H.-R. Tseng, A. H. Flood, J. F. Stoddart, T. Bjørnholm, Angew. Chem. 
ml. Ed. 2005, 44, 7035-7039. 

For examples of pH-responsive molecular shuttles, see ref. [I 5a] and: a) M.-V. 
Martinez-Diaz, N. Spencer, J. F. Stoddart, Angew. Chem. In!. Ed. Engl. 1997, 
36, 1904-1907; b) P. R. Ashton, R. Ballardini, V. Baizani, I. Baxter, A. Credi, 
M. C. T. Fyfe, M. T. Gandolfi, M. Gómez-López, M.-V. Martinez-Diaz, A. 
Piersanti, N. Spencer, J. F. Stoddart, M. Venturi, A. J. P. White, D. J. 
Williams, I. Am. Chem. Soc. 1998, 120, 11932-11942; c) A. M. Elizarov, S.-
H. Chiu, J. F. Stoddart, .1 Org. Chem. 2002, 67, 9175-9181; d) J. D. BadjiC, V. 
Baizani, A. Credi, S. Silvi, J. F. Stoddart, Science 2004, 303, 1845-1849; e) C. 
M. Keaveney, D. A. Leigh, Angew. Chem. In!. Ed. 2004, 43, 1222-1224; 1) S. 
Garaudée, S. Silvi, M. Venturi, A. Credi, A. H. Flood, J. F. Stoddart, 
ChemPhysChem 2005, 6, 2145-2152; g) J. D. BadjiC, C. M. Ronconi, J. F. 
Stoddart, V. Balzani, S. Silvi, A. Credi, I Am. Chem. Soc. 2006, 128, 1489-
1499. 

For examples of molecular shuttles switched by alkali metal ion complexation, 
competitive binding, or allosteric regulation, see: a) S. A. Vignon, T. 
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Jarrosson, T. lijima, H.-R. Tseng, J. K. M. Sanders, J. F. Stoddart, J. Am. 
Chem. Soc. 2004, 126, 9884-9885; b) T. lijima, S. A. Vignon, H.-R. Tseng, T. 
Jarrosson, J. K. M. Sanders, F. Marchioni, M. Venturi, E. Apostoli, V. 
Baizani, J. F. Stoddart, ('hem. Eur. J. 2004, 10, 6375-6392; c) D. S. Marlin, D. 
Gonzalez Cabrera, D. A. Leigh, A. M. Z. Slawin, Angew. Chem. mt. Ed. 2006, 
45, 77-83; d) D. S. Marlin, D. Gonzalez Cabrera, D. A. Leigh, A. M. Z. 
Siawin. Angew. ('hem. bit. Ed 2006, 45, 1385-1390. 

'Co-conformation' refers to the relative positions of the mechanically 
interlocked components with respect to each other, see: M. C. T. Fyfe, P. T. 
Gunk, S. Menzer, J. F. Stoddart, A. J. P. White, D. J. Williams, Angew. Chem. 
Int. Ed Engi. 1997, 36, 2068-2070. 

Stimuli-induced shuttling has been used to control a number of different 
properties, for examples, see the following. Fluorescence switching: a) E. M. 
Perez, D. T. F. Dryden, D. A. Leigh, G. Teobaldi, F. Zerbetto, J. Am. Chem. 
Soc. 2004, 126, 12210-12211; b) Q.-C. Wang, D.-H. Qu, J. Ren, K. Chen, H. 
Tian, Angew. Chem. In!. Ed 2004, 43, 2661-2665; c) D.-H. Qu, Q.-C. Wang, 
J. Ren, H. Tian, Org. Let!. 2004, 6, 2085-2088; d) D.-H. Qu, Q.-C. Wang, H. 
Tian, Mol. Cryst. Liquid Crysi. 2005, 430, 59-65; e) D. A. Leigh, M. A. F. 
Morales, E. M. Perez, J. K. Y. Wong, C. G. Saiz, A. M. Z. Slawin, A. J. 
Carmichael, D. M. Haddleton, A. M. Brouwer, W. J. Buma, G. W. H. Wurpel, 
S. Leon, F. Zerbetto, Angew. Chem. In!. Ed 2005, 44, 3062-3067; D.-H. Qu, 
Q.-C. Wang, H. Tian, Angew. Chem. mt. Ed 2005, 44, 5296-5299; g) D.-H. 
Qu, Q.-C. Wang, X. Ma, H. Tian, Chem. Eur. J.  2005, 11, 5929-5937; h) Y. 
Li, H. Li, Y. Li, H. Liu, S. Wang, X. He, N. Wang, D. Zhu, Org. Left. 2005, 7, 
4835-4838; 1) H. Onagi, J. Rebek, Chem. Commun. 2005, 4604-4606. 
Expression of chirality: j) G. Bottari, D. A. Leigh, E. M. Perez, J. Am. Chem. 
Soc. 2003, 125, 13360-13361. Conductivity of solid-state electronic junctions: 
k) C. P. Collier, G. Mattersteig, E. W. Wong, Y. Luo, K. Beverly, J. Sampaio, 
F. M. Raymo, J. F. Stoddart, J. R. Heath, Science 2000, 289, 1172-1175; 1) C. 
P. Collier, J. 0. Jeppesen, Y. Luo, J. Perkins, E. W. Wong, J. R. Heath, J. F. 
Stoddart, I Am. Chem. Soc. 2001, 123, 12632-12641; m) Y. Luo, C. P. 
Collier, J. 0. Jeppesen, K. A. Nielsen, E. Delonno, G. Ho, J. Perkins, H.-R. 
Tseng, T. Yamamoto, J. F. Stoddart, J. R. Heath, ChemPhysChem 2002, 3, 
519-525; n) M. R. Diehl, D. W. Steuerman, H.-R. Tseng, S. A. Vignon, A. 
Star, P. C. Celestre, J. F. Stoddart, J. R. Heath, ChemPhysChem 2003, 4, 1335-
1339. Conductivity at electrode interfaces: o) I. Wiliner, V. Pardo-Yissar, E. 
Katz, K. T. Ranjit, I Electroanal. Chem. 2001, 497, 172-177; p) L. Sheeney-
Haj-lchia, I. Willner, I Phys. Chem. B 2002, 106, 13094-13097; q) E. Katz, L. 
Sheeney-Haj-Ichia., I. Willner, Angew. Chem. mt. Ed. 2004, 43, 3292-3300; r) 
E. Katz, 0. Lioubashevsky, I. Willner, J. Am. Chem. Soc. 2004, 126, 15520-
15532. Exertion of a mechanical force on a macroscopic object: s) T. J. 
Huang, B. Brough, C.-M. Ho, Y. Liu, A. H. Flood, P. A. Bonvallet, H.-R. 
Tseng, J. F. Stoddart, M. Bailer, S. Magonov, App!. Phys. Left. 2004, 85, 
5391-5393; t) Y. Liu, A. H. Flood, P. A. Bonvallet, S. A. Vignon, B. H. 
Northrop, H.-R. Tseng, J. 0. Jeppesen, T. J. Huang, B. Brough, M. Bailer, S. 
Magonov, S. D. Solares, W. A. Goddard, C.-M. Ho, J. F. Stoddart, I Am. 
Chem. Soc. 2005, 127, 9745-9759. Access to a nanopore: u) T. D. Nguyen, H.- 
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R. Tseng, P. C. Celestre, A. H. Flood, Y. Liu, J. F. Stoddart, J. 1. Zink, Proc. 
Nati. Acad. Sc!. USA 2005, 102, 10029-10034. Surface wettability: ref. [20r] 
and v) J. Berná, D. A. Leigh, M. Lubomska., S. M. Mendoza, E. M. Perez, P. 
Rudolf, G. Teobaldi, F. Zerbetto, Nat. Mater. 2005, 4, 704-710. The latter also 
demonstrates the macroscopic transport of a droplet of liquid across a surface 
using stimuli-responsive molecular shuttles. 

For an introduction to Brownian motors see: a) R. D. Astumian, Sc!. Am. 2001, 
285 (1), 56-64; b) R. D. Astumian, P. Hanggi, Phys. Today 2002, 55 (11), 33-
39. 

For reviews of Brownian ratchet mechanisms, see: a) P. Hanggi, R. Bartussek 
in Nonlinear Physics of Complex Systems - Current status and future trends: 
Lecture Notes in Physics, Vol. 476 (Eds.: J. Parisi, S. C. Muller, W. 
Zimmermann), Springer, Berlin, 1996, pp.  294-308; b) R. D. Astumian, 
Science 1997, 276, 917-922; c) F. Jülicher, A. Ajdari, J. Prost, Rev. Mod. Phys. 
1997, 69, 1269-1281; c) Special issue on "The constructive role of noise in 
fluctuation driven transport and stochastic resonance": Chaos 1998, 8, 533-
664; d) P. Reimann, Phys. Rep. 2002, 361, 57-265; e) P. Reimann, P. Hanggi, 
App!. Phys. A 2002, 75, 169-178; 1) J. M. R. Parrondo, B. J. De Cisneros, 
App!. Phys. A 2002, 75, 179-191; g) B. J. Gabry, K. Pesz, S. J. Bartkiewicz, 
Physica A 2004, 336. 112-122; h) H. Linke, M. T. Downton, M. J. 
Zuckermann, Chaos 2005, 15, 026111. 

a) J. Rousselet, L. Salome, A. Ajdari, J. Prost, Nature 1994, 370, 446-448; b) 
L. P. Faucheux, L. S. Bourdieu, P. D. Kaplan, A. J. Libchaber, Phys. Rev. Lett. 
1995, 74, 1504-1507; c) J. S. Bader, R. W. Hammond, S. A. Henck, M. W. 
Deem, G. A. McDermott, J. M. Bustillo, J. W. Simpson, G. T. Mulhern, J. M. 
Rothberg, Proc. Nat!. Acad. Sc!. USA 1999, 96,13165-13169; d) H. Linke, T. 
E. Humphrey, A. Lofgren, A. 0. Sushkov, R. Newbury, R. P. Taylor, P. 
Omling, Science 1999, 286, 2314-2317; e) S. Matthias, F. Muller, Nature 
2003, 424, 53-57. 

Special issue on "Ratchets and Brownian motors: Basics, experiments and 
applications": App!. Phys. A 2002. 75, 167-352. 

a) R. D. Astumian, M. Bier, Biophys. 1 1996, 70, 637-653; b) R. D. Astumian, 
I. Derényi, Eur. Biophys. 1 1998, 27, 474-489; c) R. Lipowsky in Stochastic 
Processes in Physics, Chemistry and Biology: Lecture Notes in Physics, Vol. 
557 (Eds.: J. A. Freund, T. Poschel), Springer, Berlin, 2000, pp.  21-3 1; d) C. 
Bustamante, D. Keller, G. Oster, Acc. Chem. Res. 2001, 34, 412-420; e) R. D. 
Astumian, App!. Phys. A 2002, 75, 193-206; f) A. Mogilner, G. Oster, Curr. 
Biol. 2003, 13, R721-R733; g) G. Oster, H. Y. Wang, Trends Cell Biol. 2003, 
13,114-121; h) M. Kurzyñski, P. Chelminiak, PhysicaA 2004, 336, 123-132. 

L. Onsager, Phys. Rev. 1931, 37, 405-426. 

The nomenclature used to denote individual rotaxane configurational and 
translational isomers follows conventions introduced in previous papers (e.g. 
ref. [8d]). Namely, a bolded compound number refers to a given structural 
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formula irrespective of functional group configuration or position of the 
macrocycle; a prefix E or Z describes the configuration of the olefin; a prefix 
succi, succ2,fum or mal denotes the position of the macrocycle in a particular 
translational isomer. 

[28] A. Itai, Y. Toriumi, S. Saito, H. Kagechika, K. Shudo, J. Am. Chem. Soc. 
1992, 114, 10649-10650. 

[291 Note that there is no indication of multiple tertiary amide rotamers in the 'H 
NMR spectrum of 4 (Figure 2.2a). For example, only one signal is observed 
for Hq . 

D. A. Leigh, P. J. Nash, unpublished results. 

a) A. P. Krapcho, Synthesis 1982. 805-822; b) A. P. Krapcho, Synthesis 1982, 
893-914. 

A. H. Parham, B. Windisch, F. Vogtle, Eur. J. Org. Chem. 1999,1233-1238. 

H. Sajiki, T. Ikawa, K. Hattori, K. Hirota, Chem. Commun. 2003, 654-655. 

a) F. J. Britton, Escapements: Their Actions Constructions and Proportion, 
Arlington Book Co, Johnson City, TN. 1985; b) W. J. Gazeley, Clock and 
Watch Escapements, Robert Hale & Co., London, 1992. 

Some degradation of rotaxane 5 occurs upon irradiation at 254 rim, however, 
at 312 nni no degradation or side reactions are apparent and the 
photostationary state is 49:51 ± 2 E:Z by 'H NMR spectroscopy. 

Note how the chemical shifts of some of the protons (e.g. Hd and H) infum-E-
5 change among Figures 2.3b, 2.3c and 2.3d, illustrating the sensitivity of the 
hydrogen bonding between the macrocycle and thread to factors such as 
moisture, concentration and, possibly, impurities. 

[371 This calculation assumes that both translational isomers of de-silylated Z-5 are 
re-silylated at the same rate. If this is not true, if the position of the macrocycle 
on a station affects the rate of the unlinking reaction, then it is possible to 
produce a nonbalanced distribution of the macrocycle through just controlling 
kinetic energy barriers with the position of the ring - an 'information ratchet' 
(ref. [25b]). 

The pure single translational isomer ./um-E-5 cannot be regenerated by the 
operation of the machine but it can be separated from the reaction mixture at 
any stage using standard purification protocols. 

Staiting from state 5A, the linking and initial balance-breaking stimuli can be 
applied in either order (or simultaneously) in Scheme 2.8 for the task to be 
performed by the machine on the substrate, i.e. net transport of the macrocycle 
along the thread. In fact, any orthogonal transformations that transpire between 
two unlinking operations are commutative. Indeed, in a classic energy ratchet 
mechanism (e.g. ref. [25b]) - say using an oscillating electric field to 
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directionally transport a charged particle - the linking/unlinking and balance-
breaking steps happen simultaneously which, of course, would have exactly 
the same effect as doing them sequentially as envisaged in Scheme 2.8. 
Balance-breaking and linking/unlinking steps also occur simultaneously 
during the operation of molecular shuttles containing cyclodextrins 
incorporated onto azobenzene or stilbene threads (refs. [13d, 13i, 131, 13n, 
20b- 20d, 20f, 20g]). 

Although escapement occurs during the operation of 5, it is not escapement of 
a quantity that had been previously ratcheted by the operation of the motor. 
Prior to escapement, the macrocycles located on the olefin station in 5 have 
only been statistically unbalanced by the action of the motor, not ratcheted. 

Combinational logic circuits (NAND, NOR, OR, XOR, EOR, two- and three-
input INH, etc.) are assembled by connecting combinations of AND, NOT and 
OR gates in various ways. These, in turn, are assembled by connecting simple 
on'-'off switches in various ways. See: a) M. Ben-An, Mathematical Logic 

for Computer Science, Prentice-Hall, Hemel Hempstead, 1993. For reviews on 
molecular-scale combinational logic systems, see: b) F. M. Raymo, Adv. 
Mater. 2002, 14, 401-414; c) A. P. de Silva, N. D. McClenaghan, Chem. Eur. 
J. 2004, 10, 574-586. For the sequential operation of combinational logic 
gates, see: d) A. P. de Silva, I. M. Dixon, H. Q. N. Gunaratne, T. 
Gunnlaugsson, P. R. S. Maxwell, T. E. Rice, I. Am. Chem. Soc. 1999, 121, 
1393-1394; e) F. M. Raymo, S. Giordani, Org. Lett. 2001, 3, 3475-3478. 

a) A. P. Malvino, J. A. Brown, Digital Computer Electronics, 3rd ed., 
Glencoe, Lake Forest, 1993; b) R. J. Mitchell, Microprocessor Systems: An 
Introduction, Macmillan, London, 1995. 

A series of stimuli-responsive molecular shuttles have been shown to exhibit 
relatively long-lived nonequilibrium ('metastable') states when operating in 
self-assembled monolayers or a polymer electrolyte or at low temperatures 
(see refs. [1 5h- 1 5j]). This may account for the junction hysteresis observed in 
solid-state electronic devices that utilize such rotaxanes (refs. [20k-20n]). 
Kinetically stable nonequilibrium co-conformations have also been observed 
in cyclodextrin-based shuttles, see refs. [131, 16d]. 

Since the method of operation of 5 involves varying the relative heights of 
energy minima and maxima irrespective of the position of the macrocycle, this 
is a partial 'energy ratchet' mechanism (ref. [25b]). Other types of mechanism 
are known (see ref. [221), for example an 'information ratchet' which achieves 
directional transport of a Brownian substrate by varying the relative heights of 
energy maxima using information provided by the position of the substrate 
(ref. [25b]). See Chapter 4 for a molecular realization of an information 
ratchet. 

M. N. Chatterjee, S. Goldup, E. R. Kay, D. A. Leigh, unpublished results. 

Indeed, their branched topologies rule out rotaxanes as architectures for the 
particular examples of compartmentalized machines shown in Figure 2.7. 
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a) Y. Hirai, M. Nagatsu, Chem. Lea?. 1994, 21-22; b) 0. Okitsu, R. Suzuki, S. 
Kobayashi, I Org. Chem. 2001, 66, 809-823. 

E. Boseggia, M. Gatos, L. Lucatello, F. Mancin, S. Moro, M. Palumbo, C. 
Sissi. P. Tecilla, U. Tonellato, G. Zagotto, J. Am. Chem. Soc. 2004, 126, 4543-
4549. 
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Synopsis 

Chapter 2 introduced the phenomenological terms necessary to describe the 

operation of a compartmentalized molecular machine, and explored how these 

features may be combined to create different categories of device. The simple 

rotaxane-based molecular machines used to exemplify these concepts operate on the 

basis of an olefin isomerization, which serves to alter the relative binding energies at 

stations on the thread, and alcohol protection—deprotection strategies to control the 

kinetics for movement of the Brownian substrate (the rotaxane macrocycle) between 

these stations. Here, we use these same design features to create a [2]catenane that is 

the first example of a reversible synthetic rotary molecular motor. 
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The movement of a small ring around a larger one occurs through positional 

displacements, arising from biased Brownian motion, and which are kinetically 

captured and then directionally released. The sense of rotation is governed solely by 

the order in which a series of orthogonal chemical transformations is performed. The 

minimalist nature of the [21catenane flashing ratchet design permits certain 

mechanistic comparisons with the Smoluchowski—Feynman ratchet and pawl and 

further indicates how both informational and thermodynamic considerations govern 

directional Brownian rotation in molecular structures. Even when no work has to be 

done against an opposing force and no net energy is used to power the motion, a 

finite conversion of energy is intrinsically required for the molecular motor to 

undergo directional rotation. Non-directional rotation has no such requirement. 
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3.1 Introduction 

Molecular-level motors differ from their macroscopic counterparts not only in scale, 

but in how environmental factors influence their operation. Macroscopic machines are 

generally unaffected by ambient thermal energy, and a directional force must be 

applied to cause movement of each component. For molecular-sized motors, however, 

inertia is negligible and the parts are subject to random and incessant Brownian 

motion) 11  Rather than fight this effect, biological motors use these random 

fluctuations in their mechanisms. 21  For example, in F I FO-adenosine triphosphatase 

(ATPase) - which spins the y  shaft counter-clockwise (viewing F 1  from above) as 

proton-motive force powers ATP production and clockwise if ATP is consumed to 

drive proton flow against a concentration gradient J31 - Brownian motion drives both 

the power and exhaust strokes. [2] 

Inspired by such biological motors and by Feynman's celebrated discussion 
[41  of the 

miniature 'ratchet and pawl' concept first introduced by Smoluchowski, 151  efforts have 

been made to design molecules that exhibit directional control over submolecular 

rotary motion.' Unidirectional rotation about single, " 121 double,[ 13-16]  and 

mechanica1 71  bonds has been achieved, but unlike F I FO-ATPase, these artificial 

motor molecules are only able to rotate in one direction and not the other. We now 

report on a molecular structure in which a fragment can be circumrotated in either 

direction and probe features of the underlying mechanism. 

3.2 Design 

During the past decade, a number of remarkable theoretical formalisms have been 

developed using nonequilibrium statistical physics that explain how various types of 

fluctuation-driven transport can occur (see Chapter 1 for more details).[". 
19J 

Underlying each of these Brownian ratchet or motor mechanisms are three 

components: r201  (i) a randomizing element; J211  (ii) an energy input to avoid falling foul 

of the Second Law of Thermodynamics; [221  and (iii) asymmetry in the energy or 

information potential in the dimension in which the motion occurs. Such ratchet 

mechanisms not only account for the general principles behind biological motors 
[23-261 

but have also been successfully applied to the development of transport and separation 

devices for mesoscopic particles and macromolecules, microfluidic pumping, the 
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photo-alignment of liquid crystals, and quantum and electronic applications. 
125 27-321 A 

flashing ratchet is a particular type of energy ratchet mechanism. 
[241  a classic example 

of which consists in physical terms (Figure 3.1) of an asymmetric potential energy 

surface (a periodic series of two different minima and two different maxima) along 

which a Brownian particle is directionally transported by sequentially raising and 

lowering each set of minima and maxima by changing the potential (for example, with 

an oscillating electric field and a charged particle). 

I  h AEI 

 IV, I 	I I  
S 

 

- 

I\  I  

 

 

Figure 3.1 A flashing energy ratchet mechanism for Brownian particle transport along an oscillating 
potential energy surface. 

Catenanes and rotaxanes, molecules in which components are physically linked 

together but not connected by covalent bonds, are excellent systems with which to 

study characteristics of submolecular motion. 181  The mechanical linkage inherently 

restricts certain degrees of freedom for the relative displacement of the interlocked 

components whilst simultaneously permitting large amplitude motion in the allowed 

vectors. The way in which the principles of an energy ratchet can be applied to a 

catenane architecture is not to consider the whole structure as a molecular machine, 
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but rather to view one macrocycle as a motor that transports a substrate - the other 

ring - directionally around itself. In its simplest manifestation this gives rise to a 

[2]catenane such as 1 (represented schematically in Figure 3.2) which should be able 

to unidirectionally rotate the smaller ring about the larger one in response to a series 

of chemical reactions. 

There are several differences, however, between the flashing ratchet particle transport 

mechanism in Figure 3.1 and the one applied to catenane 1 in Figure 3.2: (i) the 

molecular system is cyclic so the translational transport along a periodic energy 

potential becomes a directional rotation around a two-minima-two-maxima loop; (ii) 

only one energy minimum is varied for 1, not both (which is sufficient to ensure that 

the energy difference between the two minima changes twice); and (iii) the single 

steps that simultaneously change minima depth and maxima height in the classical 

energy ratchet mechanism are separated into their thermodynamic and kinetic 

constituents in the chemical system. Despite these differences, the physical principles 

behind the two mechanisms are the same. 
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Figure 3.2 (a) Schematic illustration and (b) potential energy surface for the small light blue ring in a 
minimalist [21catenane rotary molecular motor, 1. The ring preferentially resides on one or other of the 
two binding sites (stations), represented by coloured cylinders. The coloured spheres are bulky groups, 
each of which sterically blocks one of the two tracks between the stations. The blue-to-green and 
green-to-blue transformations represent (balance-breaking) chemical reactions that change the binding 
affinity of a station for the small ring, providing a driving force for the ring to re-distribute itself 
between the stations if it is able to be exchanged between them. Removal of a red or purple sphere 
(linking reaction) allows the ring to move between stations by a particular route. Reattachment of the 
sphere (unlinking reaction) ratchets the net transported quantity of rings. 

In chemical terms, catenane 1 is a stimuli-responsive molecular shuttle [8, 331 with two 

routes (each of which can be independently blocked) that connect the two binding 

sites or 'stations' for the small macrocycle (Scheme 3.1). To satisfy oneself that 

internal motion within a chemical structure can be described in terms of a stochastic 

transport mechanism, it is useful to consider how the net change of position occurs 

within a typical stimuli-responsive molecular shuttle. [331  At equilibrium, the small 

macrocycle is distributed between two different stations (an asymmetric track) 

according to a Boltzmann distribution. An external trigger (the energy input) 

chemically modifies one binding site in such a way that the initially disfavoured 

station becomes energetically more favourable for the macrocycle. Thermal 

fluctuations (the randomizing element) provide the energy required by the small 
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macrocycle to sever its interactions with a station and set off on a Brownian walk 

through which the new equilibrium position is established. 

3.3 Operation of the molecular machine 

Catenane I was prepared as the fum-E-1 isomer [341  according to Scheme 3.1 .1351  Net 

changes in the position or potential energy of the smaller ring were sequentially 

achieved by (a) photoisomerization to the maleamide (—*mal-Z-1);t36' 37]  (b) de-

silylationlre-silylation (—+succ-Z-1); (c) re-isomerization to the fumaramide (—+succ-

E-1); and finally, (d) de-tritylation/re-tritylation to regenerate fum-E-1, the whole 

reaction sequence producing a net clockwise (as drawn in Scheme 3.1) circumrotation 

of the small ring about the larger one. Exchanging the order of steps (b) and (d) 

generated the equivalent counter-clockwise rotation of the small ring. The time scales 

and number of reactions involved for directional rotation in 1 make it somewhat less 

practical than the methods previously developed for non-reversible synthetic rotary 

motors)' 1-17] Nevertheless, the chemistry is surprisingly robust and can be carried out 

as a direct sequence of reactions without purification at each stage, using resins to 

neutralize or remove excess reagents and by-products, with only modest reductions in 

yields indicated by 'H nuclear magnetic resonance (NMR) spectroscopy. 
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Scheme 3.1 Synthesis and operation of reversible rotary motor 1. Reagents and conditions (unless 
otherwise stated, reactions were carried out at room temperature and in CH 2Cl 2 ): (i) succinyl chloride, 
Et1N, DMF, 0 °C, 2 h, 80%; (ii) teri-butyldiphenylsilyl chloride (TBDPSCI), NH 4NO 3 , DMF, 8 h, 
30%; (iii) trityl chloride (TrCl), Bu 4NCI04 . 2,4,6-collidine. CHCl. 61 °C. 2 h, 86%: (iv) NaBH 4, LiCI, 
THF, EtOH, 8 h, 79%; (v) FmocNH(CH 2 ) 10CO2l-1, dicyclohexylcarbodiimide (DCC), I-
hydroxybenzotriazole (HOBt). 4-(dimethylamino)pyridine, 8 h, 85%; (vi) Et 2NH, 8 h. 73%; (vii) 
fumaric acid. DCC. HOBt, CHCI 3 , 8 h, 52%; (viii) isophthaloyl dichloride, p-xylylenediamine, Et 3N, 
CHCI 3 , 3 h. 30%; (ix) tetrabutylammonium fluoride (TBAF), 20 mm, cool to —10 °C and add 2,4,6-
collidine, teri-butyldimethylsilyl triflate (TBDMSOTO, 40 mm. overall 72%; (x) hv 254 nm, 5 mm., 
50%: (xi) TBAF. 20 mm, cool to —78 °C and add 2,4,6-cotlidine, TBDMSOTf, I h, overall 61%: (xii) 
piperidine, I h, quantitative; (xiii) Me 2 SBCI 3 , — 10 °C, 10 mm. then TrCI, Bu 4NCI04 , 2,4,6-collidine, 
16 h, overall 74%; (xiv) Me 2SBCI3 , — 10 °C, 15 mm, cool to —78 °C and add 2,4,6-collidine, TrOTf, 

102 



Chapter 3 	 A Reversible Molecular Motor 

5 h, overall 63%; (xv) TBAF. 20 mm, cool to —10 °C and add 2,4,6-collidine, TBDMSOTf, 40 mm, 
overall 76%. The above refer to preparative yields of isolated compounds. Net  clockwise 

circumrotation was also achieved in one pot through the successive addition of reagents tofum-E-1 in 

the following sequence ( ' H NMR-determined percentage conversions given in parentheses): (x) hv 

254 rim, 5 mm (50% mal-Z-1 present): (xi) 4 equivalents of TBAF, 20 mm, cool to —78 °C and add 
30 equivalents of TBDMSOTf, 30 equivalents of 2,4.6-collidine, 30 mm. then 60 equivalents of Wang 
resin, Dowex MR mixed bed ion-exchange resin and activated 4A molecular sieves, decant (-33% 

succ-Z-1 present); (xii) 20 equivalents of piperidine, 1 h. then Dowex MR mixed bed ion-exchange 

resin, decant (-33% succ-E-1 present): (xiii) I equivalent of Me 2SBCl. —10 °C, 5 mm, then 

25 equivalents of 2,4,6-collidine, 20 equivalents of TrOTf, I h (-90% fum-E-1 present; —28% of the 

total molecules in the sample having undergone circumrotation). The chirality of 1 is present only for 

synthetic convenience. 

Unlike the previously reportedt 71  [3]catenane rotor, which relied on the dynamics of 

model compounds to determine stimuli-induced unidirectional behaviour, the sense of 

rotation in 1 was demonstrated directly by isolation of samples of the [2]catenane 

after each synthetic step and the position of the small ring unambiguously determined 

by 1 H NMR spectroscopy (Figures 3.3 and 3.4). Shielding effects reveal the position 

of the small macrocycle in each of the four catenane isomers. Comparison of the 

spectrum of fum-E-1 (Figure 3.3a) with that of the macrocycle E-2 (Figure 3.3b) 

shows an upfield shift of the H protons of the fumaramide station but not the 

succinamide group (Hb) in the catenane. In contrast, succ-E-1 (Figure 3.3c) features a 

—1.3 parts per million difference in the H,, protons but little change in the signals of 

the fumaramide residue. The macrocycle is similarly located over the succinamide 

residue in succ-Z-1 (see, for example, the shifts of H,, in Figures 3.4c and 3.4b). 

Finally, although the small ring does not spend too much time actually over the 

poorly-binding maleamide station in mal-Z-1 (as evidenced by the relatively small 

shift in I-1 in Figure 3.4a as compared to Figure 3.4b), it is clearly trapped on the 

maleamide side of the silyl and trityl blocking groups because of the lack of shielding 

of the succinamide signals (H,, are unchanged between Figures 3.4a and 3.4b) and 

some significant shielding observed for Hh. 
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Figure 3.3 H NMR spectra (400 MHz, CDCI 3, 298 K) of (a) [2]catenanefum-E-1; (b) macrocycle E-2; 
(c) [2}catenaiie succ-E-1. The colour coding and lettering correspond to the assignments shown in 
Scheme 3.1. 
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Figure 3.4 H NMR spectra (400 MHz, CDCI 3 , 298 K) of (a) [2]catenane mat-Z-1; (b) macrocycle Z-2; 
(c) [2]catenane succ-Z-1. The colour coding and lettering correspond to the assignments shown in 

Scheme 3.1. 
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3.4 Discussion 

Biological motors are obviously too complex for the thermodynamic function of 

individual amino acid movements to be unravelled in detail. In contrast, the apparent 

simplicity of 1 and the minimalist nature of its design allow insight into the 

fundamental role that each part of the structure plays in the operation of the rotary 

machine. 

The various chemical transformations perform two different functions: one pair [the 

linking/unlinking reactions - steps (xi) and (xiii), or (xiv) and (xv) in Scheme 3.1] 

modulates whether the small macrocycles can be exchanged between the two binding 

sites on the big ring (that is, allow the small macrocycle to become statistically 

balanced between the two binding sites according to a Boltzmann distribution); the 

second pair [balance-breaking reactions - steps (x) and (xii) in Scheme 3.1] 

isomerizes the olefin station (either E—+Z or Z—+E'), switching its binding affinity for 

the small macrocycle either 'on' or offJ371  By changing the relative binding affinities 

of the two stations in the large ring, each balance-breaking stimulus provides a driving 

force for re-distribution of the small ring if it is able to move between the binding 

sites. In other words, the stations and blocking groups effectively disconnect the 

thermodynamic and kinetic components of detailed balance; [221  the balance-breaking 

reactions control the thermodynamics and impetus for net transport by biased 

Brownian motion, and the linking/unlinking reactions largely [381  control the relative 

kinetics and ability to exchange. Raising a kinetic barrier also 'ratchets' 

transportation, allowing the statistical balance of the small ring to be subsequently 

broken without reversing the preceding net transportation sequence. Lowering a 

kinetic barrier allows 'escapement' of a ratcheted quantity of rings in a particular 

direction. 

To obtain 3600  rotation of the small ring about the large ring, the four sets of reactions 

must be applied in one of two sequences, each taking the following form: first a 

balance-breaking reaction; then a linking/unlinking step; then the second balance-

breaking reaction; finally, the second linking/unlinking step. The direction of net 

rotation is determined solely by the way in which the balance-breaking and 

linking/unlinking steps are paired - an external input of information. The efficiency or 

yields of the reactions - or the position of the ring at any stage (even if the machine 
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makes a 'mistake') - are immaterial to the direction in which net motion occurs as 

long as the reactions continue to be applied in the same sequence. Although changing 

the pairings rotates the small ring in the opposite direction, reversing the entire 

sequence of six chemical reactions does not, because linking/unlinking operations are 

not commutative. 

We finish the circumrotation reaction sequence with the same molecule, fum-E-1, that 

we started with (although a 3600  rotation of one fragment has occurred), and the light-

fuelled balance-breaking reaction is reversed by a quantitative exergonic reaction so 

no net energy is consumed to fuel the rotation. This is in one sense obvious, because 

the movement of the small ring takes place through Brownian motion and does not 

have to be powered; and in another somewhat surprising, because directional 

circumrotation of the small ring has occurred which could be used to do external work 

- analogous to the hypothetical lifting of a flea by the Smoluchowski—Feynman 

ratchet and pawl. 141  Of course, if the [2]catenane does do work against an opposing 

force the energy required is taken from the balance-breaking reactions. However, in 

the absence of an opposing force, if the balance-breaking chemical reactions do not 

actually fuel the net rotation is it really necessary to carry them out? At first glance it 

seems that the small ring in a [2]catenane such as 3 might undergo directional 

circumrotation without them (Figure 3.5). 
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Figure 3.5 Positional isomerism in a [2]catenane. 3, with stations of degenerate binding energies. 

Let us consider the situation in which 100% of the small rings are initially located on 

the succinamide station closest to the blocking groups: 100% succl-3. De-tritylation 
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followed by re-tritylation generates 50% succ2-3 (and 50% remains as succl-3). 

Treatment of this mixture with a de-silylation/re-silylation sequence leads to a final 

product mixture which again is 50% succl-3 and 50% succ2-3. However, half of the 

molecules that are now succl-3 (25% of the total molecules) have undergone a 360° 

clockwise circumrotation of the small ring, and all of the succ2-3 structures (50% of 

the total molecules) have undergone a 180° rotation of the small ring (half clockwise; 

half counter-clockwise). The remaining 25% of total molecules have undergone no 

net positional change of the small ring, and so the average for the sample is a 90° 

clockwise rotation without applying any chemical reactions to change the relative 

values of the two stations' energy minima. When we apply the sequence of reactions 

for a second (or any subsequent) time, however, although 75% of the molecules again 

individually undergo partial or complete revolution of the small ring, no net rotation 

occurs in either direction over a bulk sample. The 50% of molecules that start as 

succl-3 give a net 90° clockwise rotation in response to the linking/unlinking 

sequence and the 50% that start as succ2-3 rotate an equivalent amount in a counter-

clockwise sense. A statistically significant number of catenane 3 molecules can only 

undergo net unidirectional rotation if the distribution of the small macrocycle between 

the binding sites is unbalanced at the start of the reaction sequence. 

We can use some simple thermodynamic accountancy to calculate both the maximum 

amount of mechanical work that can be carried out by 1 and how much chemical 

energy has to be processed to cause directional motion of the small ring even if no 

work needs to be done against an opposing external force. The energy available to do 

work each time the small ring changes station equates to the macrocycle binding 

energy differences between the two sites. 1331  The light-fuelled E—Z transformation 

allows up to AE( small ring in succ-Z-1) - AE(small ring in ma!-Z-I) to be performed during the 

subsequent linking step and the piperidine-catalysed Z—E reaction permits a further 

AE( small ring infim-E-1) - AE( small ring in succ-E-1) (Scheme 3.1). Because AE( small ring in succ-Z-1) 

LtE( smaII ring in succ-E-1), the maximum total mechanical work that can be performed by 

circumrotation is A.E( small ring in fiim-E-I) - AE srnaii ring in rnal-Z-1) that is, the difference in 

small ring binding affinity between the fumaramide and maleamide stations. It is 

interesting to note that the binding affinity of the intermediate station is irrelevant to 

the amount of work that can be carried out by the molecular motor. 
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A quantitative thermodynamic requirement for unidirectional rotation of the small 

ring is provided by the difference between the free energies of the sequence of 

reactions (x), (xi), (xii), (xiii) carried out onfum-E-1 and the same series of reactions 

applied to the macrocycle, E-2. The thermodynamics associated with the 

linking/unlinking steps cancel out. 1391  However, the E—Z isomerization step (step x) 

for the catenane is inherently more endothermic than the analogous reaction on the 

macrocycle because of the additional energy necessary to disrupt the hydrogen-bond 

network of the small ring with the fumaramide station. The extra energy required to 

raise the potential energy of the transported particle (again, the difference in small 

ring binding energies of the fumaramide and maleamide stations) is returned to the 

thermal bath upon re-isomerization to fumararnide and subsequent re-positioning of 

the macrocycle. This requirement of extra energy to be processed by the system for 

the molecular machine to rotate directionally even when no work has to be done 

against an external force is once more reminiscent of the Smoluchowski—Feynman 

ratchet and pawl, which Feynman appreciated could be driven directionally by 

Brownian motion using heat flow between two thermal reservoirs; for example, by 

having the vanes attached to the shaft of the Feynman ratchet be hot and the wheel 

cold. 1401  We note that the amount of additional chemical energy that must be 

processed for directional rotation to occur in the catenane is the sum of the energy 

differences that govern the Boltzmann distribution of the small ring between the 

binding sites at each stage; that is, the factor that determines the directional efficiency 

of the motor at constant temperature. 

3.5 Conclusions 

Mechanisms formulated from nonequilibrium statistical mechanics can be 

successfully used to design synthetic molecular motors such as 1. In turn, the analysis 

of this deceptively simple molecule - particularly the separation of the kinetic and 

thermodynamic requirements for detailed balance - provides experimental insight into 

how and why an energy input is essential for directional rotation of a submolecular 

fragment by Brownian motion. Even though no net energy is used to power the 

motion, there has to be a particular amount of energy converted by the system for net 

rotation to be directional over a statistically significant number of molecules; a 
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requirement that is absent if the equivalent motion is non-directional (or, indeed, for 

directional rotation within a single molecule where balance is inherently broken). The 

quantity of energy conversion required to induce directionality has an intrinsic lower 

limit, corresponding exactly (and somewhat beautifully) to both the energy difference 

that determines the directional efficiency of rotation and the maximum amount of 

work that the motor can theoretically perform in a single cycle; there can be no 

perpetually unidirectionally rotating molecular structure of the second kind through 

such a mechanism. The factors that determine the sense of rotation in 1, together with 

the requirement for finite energy conversion for directional rotation in circumstances 

when no work is done against an external force, illustrate how interplay between 

informational and thermodynamic laws governs directional Brownian rotation in 

molecular structures. 
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Chapter 4 	 A Molecular Information Ratchet 

Synopsis 

The previous two Chapters have discussed molecular machines that operate by 

switching the relative energies of adjacent compartments in concert with altering the 

kinetics for transport between them. They employ 'energy ratchet' mechanisms, in 

which knowledge about the position of the Brownian particle is not required in this 

Chapter, a compartmentalized molecular machine is reported, in which the 

distribution of a Brownian particle (the macrocycle in a rotaxane) is controlled by 

using the light-induced transmission of information to lower a kinetic barrier 

according to the location of the particle. For an ensemble of such machines the 

particle distribution is directionally driven further and further away from equilibrium, 

as envisaged for a Marwellian pressure demon in molecular form. However, the 

nanomachine does not break the Second Law of Thermodynamics because the energy 

cost of the information  transfer is met by externally supplied photons. As the 

behaviour of the molecular structure can be understood in clear chemical terms, it is 

possible in this experimental system to pin-point precisely how information is traded 

for energy. Intriguingly, the chemical mechanism can also be understood in terms of 

game theory. This is the first example of a synthetic molecular machine designed to 

operate via an information ratchet mechanism, where knowledge of a particle's 

position is used to control its transport away from equilibrium. 

45 	 - 	55 - 
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4.1 Introduction 

The ability of nature's molecular motors and machines to drive chemical systems 

away from equilibrium is central to biology' 1  but, despite recent advances, 
[2-151 

remains rare 1141  for the present-day early generations of artificial molecular machines. 

The concept of tiny machines capable of selectively transporting particles between 

two compartments by Brownian motion dates back to the 19 0,  century when James 

Clerk Maxwell pondered the significance of a hypothetical 'sorting demon' being able 

to perform such a task adiabatically. Maxwell conceived his celebrated thought 

experiment, [16--191 which leads to a nonequilibrium distribution of thermal energy or 

Brownian particles (Figure 4.1), to illustrate the statistical nature of the Second Law 

of Thermodynamics, but modern synthetic chemistry allows us to consider his idea 

from a very different perspective. Rather than test the Second Law by attempting to 

drive an isolated system away from equilibrium, how can information transfer 

between a particle and a 'gate-keeper' be accomplished non-adiabatically to form a 

mechanism for a working Brownian motion nanomachine? 

(a) 	 (b) 

..I ••. 	 • 	
•. 	•. S •• S 	 • •••• S 

. 	1s .•.. 	• • 
S 	•S 	 55• 	 S • 	- S 

S 	 S 	 - - - 	 .•_• 	 S S S - S 

I 	 I 	 •S 	 •' 	 •5 

S • 
	 . 	 •5. - 	 S 

•1• • S 	 . S • 	• 	• 	•5• 	 S • •• S 

Figure 4.1 The 'Maxwell's Demon' thought experiments. 	
9]  (a) Maxwell's 'temperature demon' in 

which a gas at uniform temperature is sorted into 'hot' (red) and 'cold' (blue) molecules. t16' 
171  The 

demon opens the gate between the compartments when it detects a cold particle approaching the gate 
from the left or a hot particle coming from the right, thus separating the particles according to their 
thermal energy and creating a temperature differential between the compartments. (b) A Maxwellian 
'pressure demon' in which a concentration gradient is established by the gate being opened only when 
a particle approaches it from the left. Maxwell introduced the concept of a pressure demon in a letter 81  
to Peter Guthrie Tait: 'Concerning Demons... Is the production of an inequality of temperature their 
only occupation? No, for less intelligent demons can produce a difference in pressure as well as 
temperature by merely allowing all particles going in one direction while stopping all those going the 
other way. This reduces the demon to a valve.'. In both versions of the thought experiment the idea is 
that the demon's actions involve no work being done, but as the end-result is a reduction in the entropy 
(i.e. an increase in free energy) of the gas, this is in conflict with the Second Law of Thermodynamics. 
Maxwell appreciated that the successful operation of the demon in the thought experiment somehow 
relied on its intelligence as an animate being. Subsequent analysis by several generations of scientists 
revealed a fundamental link between entropy and information, significantly influencing the 
development of statistical and quantum physics and chemistry, information theory and computer 
science. 1191 

114 



Chapter 4 
	

A Molecular Information Ratchet 

4.2 Design of a non-adiabatic molecular Maxwellian pressure demon 

This question inspired the design of rotaxane 1 (Figure 4.2), which consists of a 

dibenzo-24-crown-8-based macrocycle mechanically locked onto a linear thread by 

bulky 3,5-di-tert-butylphenyl groups situated at either end and which was synthesized 

as outlined in Section 4.9.2 (25 steps in the longest linear sequence). An cc-methyl 

stilbene unit divides the molecule into two compartments'. The E-stilbene isomer 

allows the macrocycle to move randomly along the full length of the thread by 

Brownian motion but the Z-form provides a non-traversable steric barrier, 
(201  trapping 

the ring in one or other of the compartments. The a-methyl stilbene gate' is 

asymmetrically positioned on the thread between two ammonium groups 

(monobenzyl ammonium, mba; dibenzyl ammonium, dba) which have somewhat 

similar noncovalent binding affinities for the crown ether ring [21-241 but are 

distinguishable for the purposes of monitoring the system. Photoinduced switching 

between the open (E-) and closed (Z-) forms of the gate can occur either through 

direct photon absorption by the a-methyl stilbene chromophore or indirectly via 

energy transfer from the excited state of a triplet photosensitizer. The former is a 

minor pathway under our experimental conditions (irradiation at 350 nm) because the 

triplet sensitizers employed absorb far more strongly at this wavelength than a-methyl 

stilbene. 
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Figure 4.2 A photo-operated molecular information ratchet. (a) Irradiation of rotaxane 1 (1 mM) at 
350 nm in CD 10D at 298 K interconverts the three diastereomers of 1 and, in the presence of benzil 
(PhCOCOPh), drives the ring distribution away from the thermodynamic minimum, increasing the free 
energy of the system without ever changing the binding strengths of the macrocycle or ammonium 
binding sites. For clarity the photoinduced energy transfer (ET) pathways are only illustrated on the Z-
(gate closed) forms of I although the same processes occur for the equivalent E- (gate open) 
translational isomers. When the macrocycle is on the mba binding site (green), intramolecular El from 
the macrocycle is inefficient and intermolecular El from benzil dominates (the cross on the 
intramolecular ET arrow is used to indicate that it is a rare event compared to other relaxation 
pathways). When the macrocycle is on the dba binding site (blue), both ET mechanisms can operate 
efficiently. The amount of benzil present determines the relative contributions of the two ET pathways 
and thus the nanomachine's effectiveness in pumping the macrocycle distribution away from 
equilibrium (see Figure 4.4). The mechanism requires the shuttling of the ring between the two 
ammonium groups in E-1 to be slow with respect to the lifetime of the macrocycle-sensitizer triplet 
excited state. The greek and italicized lettering indicates the proton assignments for the 'H NMR 
spectra shown in Figures 4.3 and 4.4. (b) Cartoon illustration of the operation of I in terms of a non-
adiabatic Maxwellian pressure demon. (i) Photoinduced excitation of a particle signals its position in 
the blue compartment by energy transfer to the demon operating the gate (the demon uses information 
from the asymmetry in the compartments to distinguish where the excited particles are, here by their 
average distance from the gate). (ii) & (iii) The demon opens the gate and the particle shuttles 
incessantly between the two compartments by Brownian motion until the gate shuts trapping the 
particle at random in one of them. (iv) Photoinduced excitation of the particle in the green compartment 
is ignored by the demon and the energy of the excited state is dissipated as heat. 
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For a change in the distribution of the ring between the two binding sites of 1 to be 

established, the stilbene gate needs to be closed for much of the time. This is 

accomplished by operating the machine in the presence of benzil (PhCOCOPh); the 

benzil-sensitized photostationary state (PSS) of cc-methyl stilbene is typically 82:18 

Z:E1251  (model compounds used to design I all exhibited similar PSS ratios at 350 nm 

in various solvents, see Section 4.9.3). To open the gate preferentially when the 

macrocycle is in the left-hand (dba) compartment a different photosensitizer which 

produces a lower Z:E ratio for a-methyl stilbene than benzil must be associated with 

the macrocycle to 'signal' its position and open the gate. We chose benzophenone 

(PhCOPh) for this purpose, since it gives a 55:45 Z:E PSS ratio 1251  for cc-methyl 

stilbene and as a substructure it could readily be incorporated into a dibenzo-crown 

ether (see 1). As energy transfer is distance dependent, the rates and efficiencies of the 

intramolecular photosensitized reaction of dba-Z-1 to E-1 should be very different to 

that of mba-Z-1 to E-1, whereas the intermolecular photosensitized isomerization with 

benzil should be independent of the position of the macrocycle. Although it may seem 

counter-intuitive that one can drive the macrocycle distribution away from its 

equilibrium value without ever changing the binding properties of the ring or either 

ammonium group, if conditions are chosen so that the benzil-sensitized reaction 

dominates (gate closed) when the ring is in the mba compartment (i.e. held far from 

the gate) but benzophenone-sensitized isomerization is significant (gate open) when 

the ring is in the dba compartment (i.e. held near to the gate), then this is precisely 

what should happen. 

4.3 Operation of the molecular machine 

The system's operation is shown in Figure 4.2, with the results obtained reported in 

Figures 4.3 and 4.4 (see Section 4.9.4 for additional data). The macrocycle shuttles 

between the ammonium binding sites of the two co-conformers of E-1 shown in 

Figure 4.2 slowly on the nuclear magnetic resonance (NMR) timescale and so two 

sets of signals, one for each translational form, are observed in the 'H NMR spectrum 

of E-1 (Figure 4.3b). 1241  The relative integration of these peaks gives the distribution 

of the macrocycle between the compartments at equilibrium (gate open). The ratio is 

65:35 dba:mba in CD30D at 298 K, as illustrated by the ft (dba binding site 

117 



Chapter 4 	 A Molecular Information Ratchet 

occupied) and H 5  (mba binding site occupied) protons in the partial spectrum at point 

I shown in Figure 4.4. Irradiation (350 rim, CD30D, 298 K) of the rotaxane isomerizes 

the a-methyl stilbene unit, giving various amounts of the three diastereomers, dba-Z-

1, mba-Z-1 and E-1. As with the dba:mba distribution, the Z:E ratio can be readily 

established by the relative integration of various signals (e.g. HK+K' & Hkk' or HL-.L'& 

shown in Figures 4.3b, 4.3c and 4.3d; or H5+5 & 	shown in II-IV, Figure 

4.4c). 

a+r+alkyl 

a) 	b+c+i+j 	 $ 	 p+d 	 I 

+n+q+r 	 h 	0 
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Figure 4.3 1 1-1 NMR spectra (600 MHz, CD 10D, 298 K) of a working nanomachine. (a) Thread (E-
diastereomer);(b) E-1; (c) I at the 350 nm photostationary state (dba-Z-1:mba-Z-1:E-1 38:21:41); (d) I 
+ benzil (10 equivalents) at the 350 nm photostationary state (dba-Z-1:mba-Z-1 :E-1 32:48:20). 
Resonances are coloured and the lettering assigned according to Figure 4.2: macrocycle, red; occupied 
dba binding site, dark blue; unoccupied dba binding site, light blue; occupied mba binding site, dark 
green; unoccupied mba binding site, light green. The overlapping aromatic ring signals above 7.2 ppm 
are not distinguished in this way. Residual non-deuterated solvents are shown in light grey (the signal 
at 5.5 ppm is Cl-1 202). 

Starting from pristine E-1 and with no benzil present (point I, Figure 4.4), irradiation 

at 350 nm (CD30D, 298 K) interconverts the three diastereomers of 1 ultimately 

leading to a 38:21:41 dba-Z-1:mba-Z-1:E-I photostationary state (i.e. point II, Figure 

4.4). While the Z:E ratio of I changes from 0:100 to 59:41 during this part of the 

experiment, the dba:mba ratio remains almost invariant at 65:35 (see later for an 

explanation of the transient small increase in the population of the dba compartment 

during the first 5 minutes of irradiation, Figure 4.4b). 
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Figure 4.4 Operation of a molecular information ratchet. (a) Change in the E:Z ratio (% E-1, the 
amount of the open gate' form of the sample, shown by pink diamonds) and dha:mba ratio (% dba-
occupancy shown by dark blue squares) that occurs during irradiation of 1 at 350 nm in CD 30D. 

298 K: I pristine E-1: II after 25 minutes (PSS), no added benzil; Ill after a further 20 minutes (PSS) 
with I equivalent of benzil; IV after a further 40 minutes with 5 equivalents of benzil plus a further 
15 minutes (PSS) with 10 equivalents of benzil. A small amount of photodegradation (<2%) occurs 
over the course of the experiment and the error in the final E:Z and dba:mba ratios is ±2%. (b) 
Expansion showing the small increase in dba compartment occupancy that occurs during the first five 
minutes of irradiation in the absence of benzil. (c) 'H NMR spectral window (H, ,- s,, H. & H, 
600 MHz., CD 30D, 298 K) in which the changes in both the E:Z and dba:mba ratios can be seen during 
the photochemistry experiment. 

After 25 minutes irradiation of 1 (point II, Figure 4.4), one equivalent of benzil was 

added and irradiation resumed. The 1:1 combination of the benzil and benzophenone-

crown ether photosensitizers produces a higher Z:E cc-methyl stilbene photostationary 

state ratio (63:34, point Ill, Figure 4.4) than the benzophenone-crown ether alone. This 

modest change is accompanied for the first time, however, by a decrease in the 

population of the dba-compartment (dba:mba 58:42). The amount of external 

sensitizer required for 1 to operate at greatest efficiency is determined by several 

factors, including the relative absorptions of the chromophores, the relative 

efficiencies of the energy transfers to the a-methyl stilbene and between the triplet 

sensitizers themselves, and the concentration of the external sensitizer. Five 

equivalents of benzil proved sufficient to increase the Z:E ratio of 1 at the PSS to 

80:20, essentially the same as if no benzophenone was present. Addition of more 

benzil did not further increase the Z:E ratio (point IV, Figure 4.4). At this maximum 
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value the dba:mba ratio is 45:55 (dba-Z-I:mba-Z-1:E-1 32:48:20; ratios which are 

consistent with model studies, see Section 4.9.3); nearly one third of the macrocycles 

which occupied the more energetically favourable dba compartment at equilibrium (or 

the PSS obtained in the absence of benzil) have been pumped into the compartment 

with the less favourable mba binding site. 

To confirm the mechanism by which the macrocycle distribution in 1 is driven away 

from its equilibrium value, the same photochemical experiment was performed on a 

rotaxane in which the crown ether does not contain a photosensitizer unit (Figure 4.5). 

Rotaxane 2 was irradiated (350 run, CD 30D, 298 K) in the presence of the unthreaded 

benzophenone-derivatized crown ether, 3, both with and without benzil so that 

isomerization by each photosensitizer could only occur intermolecularly. The results 

are shown graphically in Figure 4.5. Although, like 1, the Z:E ratio of 2 changes from 

0:100 to 80:20 during the photochemical experiment, the distribution of the 

macrocycle between the two compartments in rotaxane 2 remains virtually unchanged 

from its equilibrium value of 52:48 dba:mba (the underivatized dibenzocrown ether in 

2 is slightly less discriminatory for the different ammonium binding sites than the 

benzophenone-derivatized macrocycle in 1). The 2% change in occupancy measured 

after 80 minutes irradiation is within experimental error but, if real, it could be caused 

by the dibenzocrown ether in 2 interacting with the a-methyl stilbene or one of the 

sensitizers and thus still modestly influencing the photochemistry as a function of its 

position on the thread. 

A small, short-lived increase in the population of the dba-compartment is observed 

during the initial irradiation of E-1 in the absence of benzil (Figure 4.4b). This occurs 

because the photosensitized isomerization reaction is a much more frequent 

occurrence when the photon is absorbed by the macrocycle on the dba binding site of 

E-1 and so dba-Z-1 is formed more rapidly from E-1 than mba-Z-1. Equally, however, 

dba-Z-1, in which the photosensitizer is trapped close to the gate, is converted back to 

E-1 much faster than is mba-Z-1 and thus the statistical balance of the dba- and mba-

compartments is quickly restored as the reaction proceeds. This is the equivalent of a 

Maxwellian pressure demon system in which the gate starts open and the demon 

opens or closes the gate at random whenever it detects a particle approaching from the 

left. After the demon has only operated the gate one or two times its actions are likely 

to have increased the time that the particle has spent in the left-hand compartment, but 

will 
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this initial gradient is transient and falls away as the fraction of closed gate in the 

sample increases. The effect illustrates the fascinating interplay between the statistical 

balance of the position of the particle (dbalmba compartment) and the 'statistical 

balance' of the position of the gate (open E-stilbene!closed Z-stilbene) in the 

operation of 1. Moving either one of these normally orthogonal chemical features 

away from its equilibrium' value moves the other one away too. 

I tL 
hv350nm 

PhCOCOPh 

+ 

2PF6  

j3 

E-2 + dba-Z-2 + mba-Z-2 

Ratio of (rotaxane 2 macrocycle 3 : PhCOCOPh) 

100. 
(1:1:5) (l 1:10) 
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Minutes irradiation at 350 nm 

-.- % dba-occupancy 
_: E:2 

Figure 4.5 Operation of rotaxane 2, featuring only intermolecular photosensitization of the cc-methyl 

stilbene gate. The plot shows the change in the E:Z ratio (% E-2 shown by pink diamonds) and 

dba:mba ratio (% dba-occupancy shown by dark blue squares) that occurs during irradiation of 2 + 3 

(1:1) at 350 nm in CD 30D, 298 K in the absence and presence (5 and 10 equivalents) of benzil. There 
is a small amount (<2%) of photodegradation over the course of the experiment and the error in the 

final E:Z and dba:mba ratios is ±2%. 
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4.4 The increase in free energy of the molecular machine 

What is the work done on changing the ring distribution away from its equilibrium 

value? By relating the sorting of a macrocycle between the two compartments in an 

ensemble of 1. to the sorting of a fixed number of ideal gas particles between two 

boxes of different volume, it can be shown (see Section 4.9.7) that the free-energy 

change on driving the distribution away from equilibrium is given by equation (I), 

where x 1  is the final mole fraction of particles in the dba compartment and yj the 

equilibrium mole fraction of particles in dba. Using the experimental values (Figure 

4.4a) x 1  = 0.45 and y1 = 0.65, this gives a free-energy change of AG = 0.083RTJ moV' 

- the extent to which the molecular machine has been driven energetically uphill by 

movement of the macrocycle rings. 

(i—x1 )1 
AG = Nk B T[x J  lnL+(l_xI)ln( 	

)] yI 

(1) 

4.5 Information, entropy and free energy 

The molecular machine clearly acquires energy from absorbed photons. Yet the 

incident photons never bias particles in one compartment over the other by changing 

their relative energies; this nanomachine does not operate like any previous molecular 

machine that can move away from equilibrium. 12'3' 
5, 7. 8, 13. 141 Just like for Maxwell's 

thought experiment, the transfer of information about the location of the particle to a 

'gate-keeper' can be used to perturb the particle distribution without energetically 

favouring one compartment over the other at any stage. In the current molecular 

system, information arising from asymmetry in the particle's position is transferred 

via photochemistry to selectively vary the height of a kinetic barrier. The 

effectiveness of this mechanism depends directly upon the efficiency of the ET to the 

closed gate from the excited state of a benzophenone-derivatized macrocycle located 

in the left-hand compartment (dba-Z-I/Figure 4.2b(i)), compared to that from one in 

the right-hand compartment (mba-Z-llFigure 4.2b(iv)). 

Maxwell's construct examines the simplest case, where not only are the energy levels 

of the two compartments invariant, but also equal in value. In this case, the only effect 

of driving the particle distribution away from equilibrium is an decrease in entropy of 

the system. As the macrocycle binding energies in the two compartments of rotaxane 

122 



Chapter 4 	 A Molecular Information Ratchet 

1 are slightly different. however. enthalpic changes also occur, but the overall effect 

of moving away from the equilibrium distribution in either case, of course, is an 

increase in free energy as quantified in Section 4.4. Just as the demon discovered, no 

matter how the change in particle distribution is brought about, the Second Law of 

Thermodynamics demands that the energetic cost be repaid. In both the hypothetical 

construct and the real molecular system, it is the subtle requirement for energy 

dissipation during the transfer of information that meets this requirement. 

There have been many insightful analyses of Maxwell's thought experiment and its 

variations over the past 130 years. [11- 21331 Particularly important and influential have 

been those seeking to understand the nature of information acquisition, storage and 

erasure in terms of their intrinsic energetic cost. However, the current picture of the 

relationship between information and free energy (specifically, an increase in 

information equated to a reduction in entropy) is still incomplete and some of the 

conclusions drawn from these thought experiments are not universally accepted . 1381  

One of the most fascinating features of the experimental realization of a non-adiabatic 

Maxwellian demon nanomachine is that its behaviour can be understood in well-

defined chemical terms. How then does the increase in free energy of 1 arise from the 

input of light energy? 

In practice, the conversion of photonic energy to heat occurs in several places during 

the various photochemical excitation, energy transfer and thermal relaxation processes 

that occur during the operation of 1, meaning that the Second Law is easily satisfied 

in the face of the relatively modest increase in free energy of the system. However, 

the heat loss in most of these instances could theoretically be eliminated by changing 

details of the experimental design (for instance, benzil would be unnecessary if 1 

could be modified so that the open form of the gate was able to exergonically relax to 

the closed form). The one part of the mechanism where loss of heat to the 

environment seems to be inevitable (without causing equivalent dissipation elsewhere 

in the mechanism) is during the isomerization of the gate by the sensitizer attached to 

the macrocycle. Photochemical excitation is an extremely rapid process and occurs 

without changes in molecular geometry. For olefin photoisomerization to occur, the 

initial 'vertically' excited state must relax to its preferred geometry (known as the 

perpendicular' state), which is usually intermediate between the Z and E forms. A 

further rearrangement of this nuclear configuration to the final Z or E product then 
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occurs following crossing onto the ground-state potential energy surface. Both of 

these nuclear rearrangements are necessarily energetically downhill processes (even if 

vibrational relaxation can be minimized) and they cannot be avoided. As the excited 

state of dba-Z-1 is quenched by ET to open the gate, therefore, the information 

regarding the particle's (probable) location is erased on decay of the initial, vertically 

excited state to the perpendicular intermediate. Thus the part of the mechanism of 1 

that intrinsically requires dissipation of energy is equivalent to the erasure of 

information known to a gate-operating demon, in agreement with Bennett's 

resolution [321  of the Maxwell demon paradox. 

The link between information and entropy means that constraining the rings in I to sit 

in a specific compartment can, itself, be viewed as a form of information storage. The 

macrocycle's position in a particular compartment corresponds to the state of the 

switch and can be stored as one of the two kinetically stable Z-isomers. In recent years 

other stimuli-responsive rotaxanes have been investigated as prototypical positional 

switches for memories in molecular electronics. 
1391  These all rely on energy 

differences between two different macrocycle positions to achieve switching, which 

necessarily involves energy dissipation during thermal relaxation to the new state, and 

any intrinsic cost of computation is hidden. On the other hand, the architecture of 

switchable molecular shuttle 1 is the first in which the energies of the two switchable 

ring positions are invariant. This mechanism could therefore be applied to create a 

switch in which both states have identical energies. Rolf Landauer realized 1401  that an 

ensemble of N such switches allows certain logic operations to be carried out 

reversibly (i.e. without dissipation), but not those processes that involve resetting or 

erasure. Such actions lose all information about the initial state and so must involve 

two steps: (i) randomization of the switch position; and then (ii) an identical resetting 

process for each switch, bringing them all to the same reference state. The first step 

may involve an increase in entropy (decrease in free energy) of the system depending 

on the nature of the initial state, but the second step corresponds to a reduction in 

entropy of the ensemble by kNln2 ( in the simplest case of degenerate switch states) 

and must therefore involve a corresponding release of heat to the surroundings. 

Hence. Landauer's Principle [401  states that erasure of one bit of information releases 

heat to the surroundings of at least kB7ln2. 
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The operating mechanism of 1 is also suitable for performing useful work. For 

example, removing the stoppers of 1 could form the basis of a prototypical light-

driven linear motor that, if inserted into a membrane, would be able to pump rings 

(and anything they are modified to carry) against a concentration gradient. 

Alternatively, replacing the mba binding site with a second dba-CE-methyl stilbene unit 

and cyclizing would form a catenane in which, under irradiation at 350 nm, one ring 

should directionally rotate about the other. Interestingly, if 1 is used to do continuous 

work in such a rotating system, information regarding the macrocycle position is 

never physically stored and the mechanism no longer requires the extra 'wasted' 

photons shown in Figure 4.2b(iv) to dissipate their energy in an unproductive way. 

4.6 Nanomachine mechanisms for operating far from equilibrium 

Various methods for the net transport of macrocycles between the binding sites in 

rotaxanes have previously been demonstrated in the form of stimuli-responsive 

molecular shuttles. 14' 6. 9. 10, 12] However, these are simple switches, 1411  the most basic 

and functionally limited type of molecular machine, 
1141  which can only change the 

ring distribution between equilibrium states. In contrast, biological motors and 

machines use mechanisms that operate far from equilibrium. 111  During the past 

decade, a number of theoretical mechanisms have been developed in statistical 

mechanics that explain how the transport of Brownian particles away from 

equilibrium can occur. These so-called 'Brownian ratchet' mechanisms fall into two 

general classes: energy ratchets, 1421  in which the energy minima and maxima of the 

potential energy surface are varied irrespective of the particle's location; and 

information ratchets, [43-461 where the energy maxima (kinetic barriers to motion) 

change according to the position of the particle. The energy ratchet concept has 

recently been used to design some of the first synthetic molecular machines that are 

more complex than simple switches 11, 141 but rotaxane 1 is the first example of a 

synthetic molecular information ratchet. For an information ratchet to function it is 

unnecessary for the binding affinities of the two compartments to be identical as they 

are for Maxwell's demon, or even as similar as they are in 1 (although it affects the 

efficiency of the mechanism [46]),  the point is to drive the particle distribution away 

from whatever its equilibrium value is. From the perspective of molecular machine 
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design the situation in which the two sites have significantly different binding 

affinities will probably prove more important because this corresponds to pumping the 

particles energetically uphill against an external force. 

4.7 Chemical games 

The chemistry which enables the ring distribution in 1 to be driven away from 

equilibrium can also be understood in terms of game theory. It has recently been 

shown that a theoretical Brownian ratchet mechanism can be related to two gambling 

games that, when played individually, tend to result in losses but, paradoxically, when 

played in an alternating fashion (either periodically or randomly), tend to result in 

winning. 14751  For our purposes, let the outcome of a rotaxane 'game' be the ring 

position on the thread following each photochemical isomerization event or 'turn'. 

'Winning' is when the ring is located in the mba compartment; 'losing' is when the 

ring is located in the dba compartment. Game ONE's 'rule' is that the outcome results 

from an intramolecular photoisomerization of the cc-methyl stilbene gate on the 

asymmetric thread with benzophenone; Game TWO's rule is that the outcome is the 

product of intermolecular photoisomerization with benzil. When either Game ONE or 

TWO is played independently (i.e. irradiation of 1 in the absence of benzil - Game 

ONE; or irradiation of 2 in the presence of benzil - Game TWO), on average 65% of 

the rotaxane rings end up in the dba compartment - a net losing result. However, if 

we randomly alternate between the two 'games' with a molecule (i.e. irradiation of 1 

in the presence of benzil) - the identity of the photosensitizer that happens to absorb 

the photon determines which set of rules are played each turn - then 55% of the rings 

end up in the mba compartment, a net winning result! This correlation between 

experimentally determined chemical behaviour and game theory may prove useful in 

both fields. The part of the mechanism in which the energetic cost of 'winning' is paid 

can be readily identified for the rotaxane 'game' - currently a puzzle in the game 

theory analysis of many such paradoxes. 1481  In terms of chemistry, paradoxical games 

may provide the basis for mechanisms that enable other chemical reactions, not just 

those involving 'mechanical' molecular machines, to be driven away from 

equilibrium. 
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4.8 Discussion 

Through the chemistry of 1, a non-adiabatic version of Maxwell's thought 

experiment, we can see how the idea of a gate-keeper, gate operating system, 

signalling method and detector can be put into practice in a working nanomachine, 

utilizing an input of energy to drive a particle distribution away from equilibrium. In 

doing so, the way that information can be traded for free emergy can be observed in a 

well-defined experimental system and rationalized with the classic treatments of the 

demon paradox by Szilard, 1261  von Smoluchowski, 1271  von Neumann .1281  Brillouinj291 

Gabor, 1301  Penrose, 311  Bennett, 1321  and others1191 . The increase in free energy of I is 

compensated for by heat released to the surroundings during the sensitized gate-

opening photoisomerization reaction, a step corresponding [321  to erasure of 

information known to the demon. Experimental systems never function perfectly, 

however, and the inefficiencies in the performance of 1 reveal other aspects of the 

interplay between information and free energy: the relationship between the 

'statistical balance' of the gate position and the 'statistical balance' of the distribution 

of the particle; the circumstances in which it is possible to temporarily drive a particle 

distribution away from equilibrium in a system that returns to its equilibrium value at 

the photostationary state; and the effect on the operating mechanism of the 

nanomachine of whether it is required to store information or do useful work. 

Most importantly, this nanomachine is the first example of a synthetic molecule 

designed to act as an information ratchet, a formalism identified 14361  in theoretical 

statistical physics as a mechanism for driving Brownian particles away from 

equilibrium in a manner similar to biological motors and machines. The 

understanding of how to incorporate these and other Brownian ratchet mechanisms 

into synthetic molecular structures is the key to being able to move beyond simple 

switches to more sophisticated generations 1141  of artificial nanomachines and, more 

generally, to discovering methodologies for controlling chemistry far from 

equilibrium. 
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4.9 Experimental section 

4.9.1 Procedure for photochemical experiments 

Photoisomenzations were carried out at 298 K using a multilamp photoreactor (model 

MLU 18) manufactured by Photochemical Reactors Ltd, Reading, UK. In a typical 

experiment a sample of E-1 was dissolved in CD30D at a concentration of 1 MM, 

placed in a quartz vessel, degassed by bubbling with nitrogen (20 mm) and then 

irradiated at 350 mm Once the photostationary state had been established (as 

determined by 'H NMR), 1 equivalent of benzil was added to the solution, degassing 

repeated (N2, 20 minutes), and irradiation resumed until the new photostationary state 

was reached. This process was repeated on the same sample, with totals of 5 

equivalents and then 10 equivalents of benzil present. 

The photoisomerization of E-2 in the presence of I equivalent of macorcycle 3 was 

carried out in an identical fashion in the absence and then the presence of 5 

equivalents and then 10 equivalents of benzil. Similarly, the photochemical studies on 

model compounds were carried out under the same conditions, using analogous 

procedures, for details see Section 4.9.3. 

128 



Chapter 4 	 A Molecular Information Ratchet 

4.9.2 Synthetic sequence for the preparation of thread and rotaxane molecules 
0 

0 	
Me 

OH 	i-vi 

1-12N,

~OMe 
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/ 	0 	
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HO 	 H 
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Scheme 4.1 Synthetic sequence for the preparation of thread precursors 4-6 (unless otherwise stated, 

reactions were carried out at room temperature): (i) di-tert-butyl dicarbonate (Boc2O). NaOH, 
THF/H2O (1:1), 0°C to rt, 40 mm, 81%; (ii) MeNHOMe, Et 3N, 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDCI HCI), CH 202, 16 h, 97%; (iii) MeMgBr (3.0 M in Et 20), THF, 
0 °C to rt, 15 h, 88%; (iv) diethyl-(4-methoxycarbonylbenzyl)phosphonate, NaH, THF, 0 °C, I h, 91% 
(cis:trans 2:1); (v) CF 3CO2H, CH 2Cl2, 20 h; (vi) allyl chloroformate, NaHCO 3 , THF/H2O (1:1), 0 °C to 
it, 16 h, 65% (2 steps, based on trans isomer); (vii) NaH, DMF, 0°C, IS mm, 85%; (viii) PhSiH 1 , cat. 
Pd(PPh3)4, CH,C1 2, I h, 92%; (ix) (Boc) 20. CH 2C1,, 2 h, 91%; (x) diisobutylaluminium hydride, TI-IF, 
0 °C. 4 h, 88%; (xi) 3,5-di-zert-butylbenzoic acid, Et3N, EDCIHCI, CH2Cl2 , 48 h, quant.; (xii) LiAIH4, 
THF. reflux, 2 h, 95%; (xiii) Boc20, CH 202, 2 h, 91%; (xiv) BnO(CH 2) 10OTf, proton sponge, CH,C1 2, 
reflux, 48 h, 85%; (xv) H,, 10% Pd/C, TI-IF, 16 h. 92%; (xvi) CF 3CO2 H, CH 2C6 20 h; (xvii) allyl 
chloroformate, Nal-ICO,, THF/H 20 (1:1), 0 °C to it, 16 h, 62% (two steps); (xviii) p-toluenesulfonyl 
chloride (TsCI), Et3N, CH202, 16 h, 54%; (xix) NaH, DMF, 48 h, 78%; (xx) HCl (1.0 M in Et 20), 
MeOH, 18 h; (xxi) NH 4PF6, acetone/H 20 (1:1), 1 h, 85% (two steps). 
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01 	 1 vii-ix 

2PF6  

Scheme 4.2 Synthetic sequence for the preparation of macrocycle 3 and rotaxanes E-I and E-2 (unless 
otherwise stated, reactions were carried out at room temperature): (i) 3,4-dihydroxybenzophenone, 
Cs7CO3, THF, reflux, 5 days. 54%; (ii) 3,5-di-teri-butylbenzoic anhydride, cat. PBu 3 , CH,C1-,, 16 h, 
91%; (iii) PhSiH 3, cat. Pd(PPh 3 )4, Cl-1 2C1 2, 2 h, 76%; (iv) HCI (1.0 M in Et,O), CH,Cl,, 10 mm; (v) 
NH4PF6, acetone/H 20 (1:1), I h, 88% (two steps); (vi) dibenzo-24-crown-8, cat. PBu 3 , 3,5-di-iert-
butylbenzoic anhydride, CH2Cl 2, 16 h, 86%; (vii) PhSIH 3, cat. Pd(PPh 3 )4, CH,C1,, I h; (viii) 1-ICI 
(1.0 M in Et20), CH201,  10 mm; (ix) NI-14PF6, acetone/I-hO (1:1), 1 h, 58% (three steps). 
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i. ii 
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vi-vii 

4 	 HO 

Q viii 
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Scheme 4.3 Synthetic sequence for the preparation of thread 7 and model rotaxane 8 (unless otherwise 
stated, reactions were carried out at room temperature): (i) pyridinium p-toluensulfonate, EtOI-I, 60 °C, 
7 h, 97%; (ii) 3,5-di-tert-butylbenzoyl chloride, Et 3N, Cl-1 2C12, I h, 77%; (iii) PhSiH 3, cat. Pd(PPh 1)4, 

CH20 2, I h, 67%; (iv) HCI (1.0 M in Et,O), CH 201, 10 h; (v) N1-14 PF6. acetone/1-1 20 (1:1), 1 h, 89% 
(two steps); (vi) HCI (I M in Et 20), CH 201, I h; (vii) NH4PF6, acetonef1-1 20 (1:1), 1 h, 79% (two 
steps); (viii) 3,5-di-tert-butylbenzoic anhydride, 3, cat. PBu 3 , Cl-12C12/CH 3CN (1:1), 16 h. 69%. 
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4.9.3 Photochemistry of model a-methyl stilbene derivatives 

The results of photochemistry experiments carried out on various model compounds 

are summarised in Figure 4.6. Direct irradiation of model gate compound 9 (Figure 

4.6a) gave a photostationary state (PSS) ratio of 55:45 Z:E after nearly 40 minutes. 

Irradiation of the same compound in the presence of 1 equivalent benzophenone-

derivatized macrocycle 3 (Figure 4.6b) proved to be a faster process, reaching a PSS 

of 58:42 Z:E in 5 minutes. This is in close agreement with literature values for the 

benzophenone-sensitized photoisomerization of unsubstituted a-methyl stilbene.125' 521 

Irradiation of model rotaxane 8 (Figure 4.6c) results in an intramolecular 

benzophenone-sensitized process, giving a similar photostationary state (55:45 Z:E) to 

the intermolecular experiment, in a shorter time (< 1 minute). Irradiation of a model 

gate compound in the presence of benzil (1:1, not shown) gave a PSS ratio of 82:18 

(Z:E) after 5 minutes, which is also in agreement with literature values for the benzil-

sensitized photoisomerization of a-methyl stilbene. 25 ' 521  

132 



11 
hv 350 nrn 

0 

(c) 

Chapter 4 	 A Molecular Information Ratchet 

(a) HO 

>IOYN H 

Z-9 	II 

hv 350 nm 

:H 

HO 	 Y I  

E-9 
100 

80 - 

60 
56%Z 

40 

20 

0 

0 	10 	20 	30 	40 

Minutes irradabon at 350 nm  

(b) 	 HO 

>IoYr 

10 

\ 

ii 
Z-9 

0 

Izx 	crc 
3 	

\ 

HO 	 O:O 

E-9 

100 

80 	 - 	

Z 60- 

40 

20 

0 
0 	2 	4 	6 	8 	10 

Minutes irradiation at 350 nm 

PF8 

PF8  

0 	
CH3 	 o 

0__"j:~__::LrH2  0  

100 

80 

60 	 Jz 
40 
20 

0 	 00.3 	0.6 	0.9 	1.2 	1.5 

Minutes irradabon at 350 nm 

Figure 4.6 Summary of photochemistry experiments on model ct-methyl stilbene derivatives. All 
experiments were carried out by irradiating 1 mM solutions in CH 2Cl2  at 298 K with light at 350 rim. 
(a) Direct irradiation of gate model 9. (b) Photoisomerization of gate model 9, sensitized by 
benzophenone-derivatized crown ether macrocycle 3 (1:1 molar ratio). (C) Photoisomenzation of 
single-station model [2]rotaxane 8. The error in the measured diastereomer ratios is ±2%. 
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These results can be used to explain the behaviour of the two-station rotaxane system 

1. Although a number of photochemical processes will be occurring in this multi-

component system, overall rate constants can be assigned to each of the 

interconversions of 1, as shown in Figure 4.7. Thus, it can be shown that the steady-

state (SS) ratio of station occupancies is given by equation (2). 

dba-Z- 
2PF6  

k, 

Figure 4.7. Assignment of overall rate constants to the interconversions between the four positional 
and configurational isomers of rotaxane 1. 
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[mba] = [mba - E - 1] + [mba - Z 1] = + )4 )[mba - E - 	
(2) 

[dba]5s 	[dba - E - 1]s + [dba - Z - 1] 	(i + k _i ,k  )[dba - E - I]ss  

The steady-state ratio of E-1 co-conformations can be equated to the equilibrium 

value observed for pure E-1 (35:65 [mba]:[dba] in CD30D at 298 K). Although the 

processes described by k1, k 1 , k3 . L3 likely involve a combination of different 

pathways, we can discern three limiting situations in which their relative values 

should bear a simple relationship to the PSS ratios observed in the model studies 

(although it must be noted that these were carried out in CH 2Cl2 , not CD30D). 

When no benzil is added, the interconversion of dba isomers is effectively the 

same process as in the small rotaxane 8, while interconversion between the mba 

forms must occur either by direct excitation of the olefin or by benzophenone-

mediated sensitization in a slow, long-range intramolecular fashion or in an 

intermolecular process. The model studies show that the direct excitation is both 

inefficient and, coincidentally, gives a very similar PSS ratio to the 

benzophenone-sensitized process. It is clear from equation ( 2) that similar 

values for k. 1 /k 1  and k3/L3  give a steady-state ratio of positional isomers which 

is close to the equilibrium value for E-1, in agreement with the experimental 

observations at point II, Figure 4.4. 

Furthermore, the relative rates of the L 1 1/c 1  (fast) and k3/L3 (slow) processes 

explain the origin of the transient decrease in [mba]:[dba] at the start of the 

experiment (illustrated in Figure 4.4b) as the PSS is approached more rapidly 

for the dba isomers than the mba forms, momentarily skewing the distribution 

in the dba direction. 

For a moderate excess of benzil (--5 to >10 equivalents), the isomerization 

process for the dba-isomers can still be regarded as an unperturbed 

intramolecular benzophenone-sensitized process, similar to that observed in 

model rotaxane 8. The value of k_ 1 1k 1  is therefore —55:45. For the mba-isomers, 

however, the process is now largely intermolecular benzil-sensitized 

isomerization. A high concentration of benzil both increases the chance of an 

encounter with the a-methyl stilbene and, as benzil has a lower triplet excitation 

energy than benzophenone, 1531  it helps to quench the macrocycle-based 

benzophenone excited state in competition with the long-range, slow interaction 
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with the gate. The value of k31k.3 is therefore —82:18. Inserting these values into 

equation (2) gives a steady-state ratio of 57:43 [mba]:[dba] which is in 

excellent agreement with the experimental results (point IV, Figure 4.4). 

(iii) At large excesses of benzil (>> 10 equivalents) it might be expected that this 

may interfere with the interconversions of the dba-forms, eroding the difference 

between k_,/k, and k3&3 which would stop the demon from working. This has 

not been investigated experimentally, however. 

4.9.4 Additional results on the operation of rotaxane 1 

The operation of rotaxane 1 was reproducible over several runs. Results from a 

replicate of the experiment reported in Figure 4.4 are reproduced below in Figure 4.8. 

Fig. 4.8a shows the behaviour of the system in the absence of benzil. In a subsequent 

experiment, the resulting material was irradiated alone, then in the presence of 1, 5 

and 10 equivalents of benzil (Figure 4.8b). Addition of benzil prior to irradiation had 

no effect on the station occupancies as observed by 'H NMR, ruling out any 

intermolecular bonding interaction changing the relative binding affinities of the 

stations. It can be seen that the features reported in Figure 4.4 are reproduced here. It 

was observed, however, that the precise composition of photostationary state mixtures 

is sensitive to concentration and probably the presence of moisture and oxygen. In all 

experiments, no irreversible changes were observed ('H NMR, TLC) beyond a small 

amount of photodegredation (<2%). 
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Figure 4.8 Operation of a molecular information ratchet - replicate experiment. (a) Change in the E:Z 
ratio (% E-I, the amount of the 'open gate' form of the sample, shown by pink diamonds) and dba:mba 
ratio (% dba-occupancy shown by dark blue squares) that occurs during irradiation of I alone at 
350 nm in CD)OD, 298 K. (b) Change in the E:Z ratio (% E-1) and dba:mba ratio (% dba-occupancy) 
that occurs on taking a sample of 1 already at the 350 nm PSS and irradiating at 350 nm alone, then in 
the presence of 1, 5 and 10 equivalents of benzil. 
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As the ratio of the two E- ('gate open') positional isomers must be constant, in 

addition to the overall distribution of rings between the two stations (% dba, plotted in 

Figures 4.4 and 4.8), the behaviour of 1 can also be described in terms of the ratio of 

Z- ('gate closed') positional isomers. For the experiment shown in Figure 4.4, this is 

plotted in Figure 4.9 as the percentage of Z-isomers in which the dba position is 

	

[dba — Z — l] 	
xl00%. occupied - i.e. 

[dba - Z - i]+ [mba - Z —i] 

Ratio of (rotaxane I i PhCOCOPh) 
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Figure 4.9 Results of the machine operation experiment shown in Figure 4.4, expressed in terms of the 
ratio of positional isomers in the Z-molecules only. 

4.9.5 Does the stilbene isomerization affect macrocycle binding affinities? 

The proximity of the stilbene gate to the dba-binding site raises the possibility that 

changing the olefin configuration could in fact alter the binding affinity for the ring at 

the dba-station. Mechanistically, this should not have any impact on the operation of 

the molecular machine, as exchange between the two binding sites can only occur in 

one of the two olefin configurational isomers (the E-isomer). Furthermore, it can be 

seen that for the two situations in which the information ratchet mechanism does not 

operate (rotaxane 1, in the absence of benzil, or rotaxane 2, under any conditions) the 

[dba]:[mba] ratio always approaches the equilibrium value for the pure E-rotaxane, 

irrespective of the Z:E ratio - any putative change in binding affinity at the dba-

station does not affect the distribution of rings. 

Obviously, it is not possible to directly measure the relative binding energies of the 

two stations in the Z-form. However, observations made during development of 

synthetic routes to 1 indicate that the configuration of the stilbene does not 

significantly affect the relative binding energies of the stations. Specifically, earlier 

synthetic attempts towards 1 focussed on threading and stoppering of fully 
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deprotected cis-thread precursor Z-10 (Scheme 4.4a). Due to acylation of the free 

(mba) ammonium ion, this procedure yielded mixtures of rotaxane products and so 

was abandoned in favour of using the mono-protected trans-intermediate E-6 

(Scheme 4.4b). However, both routes lead to very similar overall yields (typically 75-

85%) of rotaxane products, using virtually identical reaction conditions, suggesting 

that the binding affinity of the ammonium (dba) template is broadly similar 

irrespective of whether the stilbene unit is E or Z. 

(a) 	 Me 

HO 

2PF6 

z-10 

iL 

z- 

'I 
0 

/\ coo- 

O-j 3  

o) o 
2PF6 

+ N-acyl devaves ± 

(b) 

HO 	 H 

E-1 

Scheme 4.4 Two synthetic routes to rotaxane 1, employing (a) Z-stilbene and (b) E-stilbene dba 
templates (reactions were carried out at room temperature): I) 3,5-di-iert-butylbenzoic anhydride. cat. 

PBu3, CH2ClfMeCN, 16 h; ii) 3,5-di-tert-butylbenzoic anhydride, cat. PBu 3 , CH 2Cl2, 16 h; iii) PhS1H 3 , 

cat. Pd(PPh 3 ) 4 , CH,CI,, 2 h; iv) HCI (1.0 M in Et20), CH 2Cl 2 , 10 mm: v) NH4PF6, acetonefH 2O (1:1), 
1 h. 
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4.9.6 Supplementary 'H NMR spectra 

'H spectra relating to the control experiment illustrated in Figure 4.5 
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Figure 4.10 H NMR spectra (600 MHz, CD 30D, 298 K) of: (a) thread 7 (E-diastereoisomer); (b) 
rotaxane E-2; (c) rotaxane 2 + macrocycle 3 (1: I) at the 350 rim photostationary state (dba-Z-2:mba-Z-

2:E-2 32:30:38); (d) 2 + 3 + benzil (1: 1:10) at the 350 nm photostationary state (dba-Z-2:mba-Z-2:E-2 
41:39:20). Resonances are coloured according to the conventions used throughout: macrocycle, red; 
occupied dba binding site, dark blue; unoccupied dba binding site, light blue; occupied mba binding 
site, dark green; unoccupied mba binding site, light green. Lettering corresponds to that used for the 
assignment of 1, shown in Figure 4.2. The overlapping aromatic ring signals above 7.2 ppm are not 
distinguished in this way. Residual non-deuterated solvents are shown in light grey. 

4.9.7 Calculation of the extent of deviation from statistical balance and the 
corresponding change in free energy 

The natural statistical balance between the dba and mba stations follows a Boltzmann 

distribution based on the relative binding affinities of the two stations for the 

macrocycle. In E-1, at 298 K in CD30D the experimentally observed (Figure 4.3b) 

value is 65:35 dba:mba. Following irradiation of 1 in the presence of at least 5 

equivalents benzil in CD30D, a dba:mba ratio of 45:55 is obtained. At point IV Figure 

4.4a, in an ensemble of 100 molecules of 1, a net number of 20 out of the 65 

molecules (i.e. 31%) originally on the dba station have been moved onto the mba 

station. 

The 45 molecules with the ring on the dba station, would be naturally balanced by 24 

molecules with the ring on the mba station. Therefore, we have an excess of 55-24 = 

31 molecules on the mba station. The 69 balanced molecules in our ensemble of 100 

are clearly made up from the 20 E-1 molecules which, by their gate-open nature, must 

be statistically balanced, together with 49 (of the 80 in total) Z-1 molecules, obeying 
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the natural balance of 65:35 dba:mba (i.e. 32 dba-Z-1 molecules and –17 mba-Z-1 

molecules). 

In order to calculate the free-energy change on moving away from the equilibrium 

distribution of particles, consider N1 (N2) identical, non-interacting particles in box 1 

(2) with volume V1 (V2). The total number of particles is N = Ni + N2 and the total 

volume is V= V 1  + V2. The partition function is 

V V, 	
V2 N 

= N1 !A3NI N, !A3N2 
(3) 

where A = Jh2 / 2mk B T is the de Brogue thermal wavelength (assumed identical for 

all N particles). The combinatorial factors N 1 ! and N2 ! can be considered to arise form 

the number of ways of choosing N 1  particles from N (N!/N1  !N2 !) divided by the factor 

N! arising from the particles being indistinguishable. The Helmholtz free energy of 

the combined system is 

F = –kBT1nQ 

kBT L NI  ln__lnNi !+ N2 ln--_lnN2 !j 
A3 	 A 

-k 	In— - N i  ln N 1  + N 1  + N, ln 3 - N, In N 2  + N2 ] 
BT [N1  A3 	 A 

=  
kBT  N'l 

n 	- N1  + N2  In 
N2A3 

- N2 	 (4) 

[ 	

N1A3  

where Stirling's approximation In N! N In N - N is used. Writing N, = x, N and 

= y, V where x 1  and yj  are the particle-number fraction and box-volume fraction, 

respectively - equation (4) can be simplified as follows: 

F 
=Iln 

NA 
 –1 +x1ln—+x2ln 

x,  
—. 	 (5) 

x, 

Nk8T (V 	Yi 

The first term in brackets is recognised as the normal ideal-gas term, FId/NkBT. For a 

fixed number of particles, the total free energy is minimized when x1 = .Yi, which 

therefore represents the state of thermodynamic equilibrium: 
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d (Fd I 	x 
-4- 	)l 

(l–x1)l 
=—x 1n--(1–x 

dx I Nk BTJ dx 1 
  

' 	
fl(1_1)] 

x 
=1n_i+1 

- (l–y1 ) 

x 1 (I –y 1 ) 
In 

y10 –x1) 	
(6) 

This is equal to zero when x 1  = y; at thermodynamic equilibrium F = F1d [from 

equation (5)]. Hence, the reversible work required to make x :fYi  is 

W =F–Fd  = NkB T[x I  In 	)in + (i - x 	
)1 

yl 	 (l_y1)] 	
(7) 

This difference in Helmholtz free energies on perturbing the equilibrium distribution 

of gas particles between the two compartments can be equated to the difference in 

Gibbs free energies on perturbing the equilibrium distribution of rings between the 

dba and mba compartments in 1. The final mole fraction of particles in the dba 

compartment is x, and y' is the equilibrium mole fraction of particles in dba, giving 

equation (1) from Section 4.4. 

= 	x 1 ln—+(1--x 1 )In 	I 	 (1) AG NkT[ 	
x,  

(i–y 1 )j 
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Synopsis 

Chapters 2-4 have explored different mechanisms for molecular motors and 

machines, using rotaxanes and catenanes as ideal molecular architectures for 

investigating motion at the molecular level. Irrespective of the precise mechanism, the 

control of macrocycle motion in these systems depends on manipulating the binding 

affinities at specific stations on the thread (achieved by an olefin photoisomerization 

in Chapters 2 and 3) and controlling the kinetics for transport between these units 

(achieved by alcohol protection—deprotection strategies in Chapters 2 and 3, and by 

an olefin photoisomerization in Chapter 4). In order to support the ongoing 

investigation of increasingly complex molecular machines, and indeed, to meet the 

demands of any future application for such molecular devices, it is clearly desirable 

to develop a range of chemical structures which can demonstrate such abilities, 

controlled by various external stimuli and able to operate in different environments. 

Returning to the classic concept of rotaxane-based molecular shuttles, a series of 

[2]rotaxanes containing succinamide and aromatic imide hydrogen-bonding stations 

for a benzylic amide macrocycle is described here. In the first example, 

electrochemical reduction and oxidation of a naphthalimide group alters its ability to 

form hydrogen bonds with the macrocycle to such a degree that redox processes can 

be used to switch the relative order of macrocycle-binding affinities of the two 

stations in the rotaxane. The structure of the neutral [2]rotaxane in solution is 

established by 'H NMR spectroscopy and shows that the macrocycle exhibits 

remarkable positional integrity for the succinamide station in a variety of solvents. 

Cyclic voltai'nmetry experiments allow the simultaneous stimulation and observation 

of a redox-induced dynamic process in the rotaxane, which is both reversible and 

cyclable. Model compounds, in which various conformational and co-conformational 

changes are prohibited, demonstrate unequivocally that the redox response is the 

result of shuttling of the macrocycle between the two stations. Furthermore, the 

electrochemical technique allows quantification of the kinetic parameters for 

shuttling: at room temperature in tetrahydrofuran the electrochemically induced 

movement of the macrocycle between the two stations takes -50 ps. 
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Having verified this redox-induced shuttling process, structural variation of the imide 

unit is investigated, with a view to tuning the thermodynamic and kinetic parameters 

for the dynamic process and probing redox-active units that exhibit more complex 

electrochemical and photochemical behaviours. Preliminary steps towards triggering 

and observing electrochemically induced shuttling in rotaxane molecules attached to 

surfaces is also reported. 
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5.1 Introduction 

Natural [ ' ]  and artificial 121  devices that function through mechanical motion at the 

molecular level require a nanoscale structure that restricts the movement of the 

various components, coupled with a process - usually chemical - to power and 

control their motions. For the design of prototypical synthetic systems, chemists have 

started by taking inspiration from the structural elements of machinery from the 

macroscopic world. 131  Taking this analogy too far in terms of process must be 

cautioned, however, since the modes of action for useful movement at the molecular 

and macroscopic levels are very different. In the macroscopic world, objects do not 

move until provided with specific energy to do so. In a mechanical machine this is 

often through a directional stimulus (i.e. when work is done to move components in a 

particular way). At the molecular level, molecules - and their parts - are constantly 

moving above 0 K and it is the directional control of this motion which nature uses to 

perform useful mechanical tasks. 111 
 

Molecular shuttles' provide a promising basis for molecular machines. Various types 

of rotaxane 141  structures permit large amplitude, largely independent, motions of the 

mechanically interlocked components and the noncovalent-bond-directed routes to 

their synthesis ultimately offer a process for controlling the relative positioning of the 

components through the interactions that 'live on' in the final products. 151  In a 

rotaxane with two different binding sites ('stations') in the thread, the macrocycle 

distributes itself between the stations according to the difference in the macrocycle-

binding energies and the temperature. If a suitably large difference in macrocycle 

affinity between the two stations exists, the macrocycle resides overwhelmingly in 

one positional isomer or co-conformation. 161  In stimuli-responsive molecular 

shuttles, [7-111  an external trigger is used to chemically modify the system and alter the 

noncovalent intercomponent interactions such that the second macrocycle-binding site 

becomes energetically more favoured, causing translocation of the macrocycle along 

the thread to the second station (Figure 5.1). The system can be returned to its original 

state by using a second chemical modification to restore the initial order of station 

binding affinities. Performed consecutively, these two steps allow the 'machine' to 

carry out a complete cycle of shuttling motion. The movement of the macrocycle from 

station to station is thus caused by using chemical reactions to put the molecule into 
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nonequilibrium co-conformations and then allowing the background thermal energy to 

drive the macrocycle to the new global minimum (i.e. through biased Brownian 

motion). 

(I) 
 

I 

	

ofanQei9eeno_ 	 4 	() 

	

Station binding affinity order: -- > - 	- - 

Figure 5.1 Translational submolecular motion in a stimuli-responsive molecular shuttle: (i) the 
macrocycle initially resides on the preferred (orange) station; (ii) a reaction occurs (blue-+green) 
changing the relative binding potentials of the two stations such that, (iii), the macrocycle shuttles' to 
the now-preferred (green) station. If the reverse reaction (green-'blue) now occurs, (iv), the 
components return to their original positions. The energy available to do mechanical work through 
shuttling in such a cycle is the sum of the difference in macrocycle binding energies of the two stations 
in each of the two states (i.e. &\G orangc iue  + 

We recently reported the real-time observation of macrocycle translocation in such a 

stimuli-responsive molecular shuttle following the photochemically induced reduction 

of the I ,8-naphthalimide unit in rotaxane 
1.18,1 In fact, we originally designed 1 as an 

electrochemically-switchable system. '2' 13) Electrochemistry is potentially an 

attractive method through which to modulate the behaviour of molecular devices 

because it can be easily and rapidly turned on and off, while also offering a reagent-

free and waste-free procedure. Obviously, an important attribute of any molecular 

machine is that, for the submolecular motion to be useful, it must be detectable 

through some change in the system's properties. Electrochemistry is also 

advantageous in this regard since the same stimulus can simultaneously act as both 

effector and detector of the motion. 

Here we report the cyclic voltammetry of 1 and a series of related rotaxanes and 

threads. The rates and energies obtained from the electrochemical redox experiments 

are consistent with those obtained photochemically. The spectroscopic and 

electrochemical behaviour of key model compounds is used to show unambiguously 

that the dynamics observed are a consequence of the position of the macrocycle on the 

thread changing upon reduction of the naphthalimide unit. Furthermore, structural 

variation of the redox-active unit is explored and preliminary steps are taken towards 

controlling and observing shuttling at surfaces. 
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Chart 5.1 Molecular Shuttle I, Shown as the succ-1 Positional Isomer, and Thread 2.' 
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° The letters indicate selected non-equivalent 'H environments. 

5.2 Design 

Hydrogen bonds are largely electrostatic in nature, 
[141  so changes in the electron 

charge density of a hydrogen-bonding group can have a dramatic effect on its binding 

ability - a phenomenon exploited in redox-switched molecular recognition 
1151  and the 

modulation of protein and peptide structure. ' 61  Molecular shuttle 1 consists of a 

benzylic amide macrocycle - a strong hydrogen-bond donor through the amide NH 

groups - mechanically linked onto a thread molecule, 2, containing two potential 

hydrogen-bond acceptor moieties - a succinamide (succ) station and a redox-active 

3,6-di-tert-butyl-1 ,8-naphthalimide 71  (ni) station - separated by a C 1 2 aliphatic spacer 

(Chart 5.1). The ability of the succ station to template formation of the macrocycle by 

a five component 'clipping' reaction between isophthaloyl dichloride and p-

xylylenediamine in apolar solvents is well established. 18  X-ray crystal structures of 

model succinamide rotaxanes 3 and 4 (Figures 5.2 and 5.3) demonstrate an excellent 

fit between the thread and macrocycle, both in terms of steric interactions and the 

complementary positioning of the hydrogen-bonding amide groups on the two 

components. While the structure of 3 shows both intra- and intermolecular hydrogen 

bonding in the solid state, 4 has a solely intramolecularly hydrogen-bonded structure 

and is probably more representative of the hydrogen-bonding motifs adopted by 

'isolated' molecules in solution. The macrocycle adopts a near-perfect chair 

conformation, driven by formation of two sets of bifurcated hydrogen bonds between 
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the amide protons of each isophthalamide moiety and the succinamide carbonyl 

oxygens. 

Figure 5.2 X-ray crystal structure of [2]rotaxane 3 (for clarity carbon atoms of the macrocycle are 
shown in blue and the carbon atoms of the thread are shown in yellow; oxygen atoms are depicted in 
red, nitrogen atoms in dark blue and amide protons in white). Intramolecular hydrogen-bond distances 

(A): 01—HN3/02--HN5 1.88. Intermolecular hydrogen-bond distances (A): 05—HN4'/03'--HN6 2.00, 

03'—HN I/05—HN2' 2.21. 

Figure 5.3 X-ray crystal structure of [2]rotaxane 4. Intramolecular hydrogen-bond distances (A): 
02—HN3/O1 —HN5 1.90, 02—HN4IO I —HN6 2.01. 
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The choice of a substituted naphthalimide unit as the redox-active station was inspired 

by the work of Smith [ ' and Rotel1o1'5'' 15e. 15f] Imides are comparatively poor 

hydrogen-bond acceptors, 81  indeed threads containing just the naphthalimide unit do 

not template formation of the benzylic amide macrocycle to give rotaxanes. In order 

to minimize its free energy, the macrocycle in 1 must therefore sit over the 

succinamide station in non-hydrogen-bonding solvents, so that co-conformation succ-

1 predominates (Figure 5.4). One-electron reduction of naphthalimides to the 

corresponding radical anion, however, results in a substantial increase in electron 

charge density on the imide carbonyls and a concomitant increase in hydrogen-bond 
15b accepting ability. 115b, 15c 15c] In 1, this change in oxidation state should reverse the 

relative hydrogen-bonding abilities of the two thread stations so that co-conformation 

ni-1 is preferred in the reduced state. This dynamic process was studied in 1 through 

cyclic voltammetry experiments and 'H NMR spectroscopy. In order to probe the 

nature of the stimulated motion we carried out similar studies on model rotaxanes 5-8 

(Chart 5.2). Each of these analogues of 1 is designed to restrict a different type of 

conformational or co-conformational change so that the true origin of the effects seen 

for 1 could be unambiguously determined. 
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Figure 5.4 An electrochemically switchable, hydrogen-bonded molecular shuttle 1. In the neutral state, 
the translational co-conformation succ-1 is predominant as the ni station is a poor hydrogen-bond 

acceptor (K = (1.2 ± I) x 10 6). Upon reduction, the equilibrium between succ-1 and ni-I is altered 

(Kr  = (5 ± 1) x 
1 02 )  because nf is a powerful hydrogen-bond acceptor and the macrocycle moves 

through biased Brownian motion. Upon re-oxidation, the macrocycle shuttles back to its original 
position. Repeated reduction and oxidation causes the macrocycle to shuttle forwards and backwards 
between the two stations. All values were calculated by fitting experimental curves from experiments 
in anhydrous THF at 298 K with tetrabutylammonium hexafluorophosphate (TBHF) as the supporting 
electrolyte. For fitting parameters, see Tables 5.2 and 5.3 in Section 5.10.2. 
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Chart 5.2 Model Rotaxanes 3-8 Shown as the succ- Positional Isomers.°  
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a The dashed lines show hydrogen-bond interactions possible in I but disallowed in the model 
compound. Solid lines show changes of co-conformation that require shuttling which are disallowed in 
the model compound. 

5.3 Synthesis 

Rotaxanes 1, 5 and 6 were prepared according to Scheme 5.1. Treatment of threads 2, 

9 or 10 with 10 equivalents of each of p-xylylenediamine and isophthaloyl dichloride 

(CHCI3, Et3N, 4 hours, high dilution) provided [2]rotaxanes 1, 5 and 6 in 59%, 33% 

and 62% yields, respectively. Scheme 5.2 shows the synthesis of 'gate-closed' thread 
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11 which, under similar rotaxane-forming conditions, furnished [2]rotaxane 7 in 23% 

yield. The 'gate-opened' rotaxane 8 was obtained by treatment of 7 with a 

stoichiometric amount of tetra-n-butylammonium fluoride in CH 202. 91  Rotaxane 12, 

an analogue of 1 in which the macrocycle contains two pyridyl moieties, was also 

prepared in a similar fashion to the others, but substituting pyridine-3,5-dicarbonyl 

dichloride for isophthaloyl dichloride, as shown in Scheme 5.1. 

0 	 0 

t-Bu.._1L0 	 t.BuAN.-NH2 

0111 

 
o  

Ph 	 I 	 n11 

NH2 	 I 	-i.-- 9 R=Me, n=11 	tBu 

Ph 	 Ph "rN 'K'—"Y OH 
 10: RH, n1 

- 	 0 	

vi or vu 

41 HN 

Ph 	 t Bu 

Ph 	 0 

R=H, 

R=Me, X=CH, n=11 / 

RH, XCH, 0=1 	/ 	0 	t-Bu 

12: RH, X=N, n= 11 

Scheme 5.1 Synthesis of rotaxanes 1, 5, 6 and 12. Reagents and conditions (unless otherwise stated, 
reactions were carried out at room temperature): (i) 1,1 2-diaminododecane, Et 3N, EtOH, A, 2 h, 14%; 
(ii) 1,2-ethylenediamine, EtOI-1, A, 2 h, 78%; (iii) pyridine, 16 h, 90%; (iv) 143-
(dimethylam ino)propyl]-3-ethylcarbodi imide hydrochloride (EDC I HCI), 4-(dimethylamino)pyridine 
(DMAP), CH,C1 2, 0°C to ii, 12 h, 98% (2), 93% (10); (v) Mel, NaH, THF, 0°C to rt, 16 h, 94%; 

isophthaloyl dichloride, p-xylylenediamine, Et 3N, CHCI 3, 4 h, 59% (1), 33% (5), 62% (6); 
pyridine-3,5-dicarbonyl dichloride, p-xylylenediamine, Et 3N, CHCI 1 , 4 h, 46% (12). 
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Scheme 5.2 Synthesis of rotaxanes 7 and 8. Reagents and conditions (unless otherwise stated, reactions 
were carried out at room temperature): (1) (PhCH 2)2NH, EDCI-HCI, DMAP, CI-CI,. 0 °C to rt, 12 h, 
94%; (ii) 3-amino-propane-I ,2-diol, A, 3k, 84%; (iii) teri-butyldiphenylsilyl chloride (TBDPSCI), 
imidazole, DMAP, CH 2Cl 2, 24 h, 62%; (iv) pyridine, A, 18 h, 60%; (v) EDCI-HCI, DMAP, CH 202 , 

0°C to rt, 12 h, 90%; (vi) isophthaloyl dichloride, p-xylylenediamine, Et 3 N, CHCI 3 , 4 h, 23%; 
(vii) tetrabutylammonium fluoride, CH 2Cl2, 2 h, 70%. 

5.4 Co-conformation in the neutral state 

'H NMR spectroscopy is a useful tool for studying translational isomerism in 

rotaxanes. For benzylic amide macrocycle-containing rotaxanes, aromatic ring 

currents in the p-xylylene rings result in significant upfield shifting (typically 

IA HI> I ppm) for protons on the portion of the thread covered by the macrocycle. 1201  

Comparison of the 'H NMR spectra of rotaxane I and the corresponding thread 2 in 

CDC13 (Figure 5.5) shows such an upfield shift for succinic methylene protons Hd and 

He  (ASH = -1.45 ppm)J2 ' 1  Protons in close proximity to the succ station (Ha, Hb and 

Hg) are also shielded but to a lesser extent; all other thread protons, including those of 

the naphthalimide, are essentially unaffected by the presence of the macrocycle. The 

infrared spectrum of I in CHCI3 also shows no changes in the CO stretching band of 

the naphthalimide moiety compared to the spectrum of 2 (VcoSCh = 1780 cm' in 

each case) suggesting no significant hydrogen bonding occurs to the naphthalimide 

subunit in the rotaxane. 18gl Clearly the succ-1 translational isomer is the predominant 

structure in chloroform. 
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(PPM) 
Figure 5.5 'H NMR spectra (400 MHz, CDCI 3, 298 K) of (a) 2 and (b) I. The letters correspond to the 
assignments shown in Chart 5.1. 

In fact, unlike peptide-based molecular shuttles,17aI  the positional integrity of the 

macrocycle in 1 is remarkably independent of the nature of the solvent. The difference 

in chemical shifts for methylene protons Hd and H e  in 1 and 2, as well as the shifts for 

succinamide amide protons H and Hf, in solvents of varying hydrogen-bonding 

ability are shown in Table 5.1. The increasing values for the amide protons 

illustrate the ability of these solvents to disrupt hydrogen bonding (CDCI 3  < 

[D3]MeCN < [Dg THF < [D6]DMSO). It can be seen, however, that in CDCI 3 , 

[D3]MeCN and [13 8]THF, shielding of the succ methylene protons is virtually 

unchanged, indicating that positional integrity of the shuttle is maintained in all three 

solvents. Even in [D 6]DMSO the upfield shift for Hd and He is only reduced by —50%, 

indicating that even in this strongly hydrogen-bond-disrupting solvent the macrocycle 

still spends a significant amount of time over the succ station. 

Table 5.1 Solvent effects on chemical shifts (8F1)  and differential chemical shifts (MH) for succinamide 
protons in I and 2. 

NHc  and NHf Hd and lle  

Solvent 611 (1) / ö 	(2) / AöH / ppm 
ppm ppm 

CDC13 5.95 5.73; 5.61 —1.45 

[D3]MeCNa 6.47; 6.42 6.42; 6.22 —1.2 

D8]THF 7.84; 7.63 7.20; 7.12 —1.2 

[D6]DMSO 7.92; 7.40 7.78; 7.60 —0.7 

a  Spectra collected at 329 K due to low solubility of I in [D 3 ]MeCN. 
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The energy barrier for pirouetting of the macrocycle around the thread provides a 

definitive measure of the strength of the intercomponent interactions. 1221  Due to the 

complexity of the 'H NMR spectra of 1 and its analogues, this process was studied in 

the simpler, C 2-symmetric, rotaxanes 3 and 4 as models for shuttles 1 and 5 

respectively. Variable-temperature (VT) 'H NMR experiments in CDCI3 and C 2D2CL 

(because of the wide temperature range involved) using both the coalescence 

method 1231  and spin polarization transfer by selective inversion recovery (SPT-SIR) 1241  

were employed to calculate the rates of macrocycle pirouetting. The VT 'H NMR plot 

for 4 (Figure 5.6) shows the signals for macrocycle benzylic methylene protons HE! 

and HE2  are well separated at 243 K, while a single sharp peak is observed at 

369 K. 1251  SPT-SIR of 4 gives an energy barrier for macrocycle pirouetting at 298 K 

of 12.9 ± 0.1 kcal mol'. Similarly, the barrier for 3 was determined as 11.2 ± 0.1 kcal 

mor' at 298 K. Even when compared to the fumaramide template which holds the 

hydrogen-bond acceptor groups of the thread in a close-to-ideal arrangement for the 

donor groups in the macrocycle (AG29g for the fumaramide analogue of 3 = 13.4 ± 

0.1 kcal mol') 1  it can be seen that the succinic templates in 3 and 4 result in strong 

intercomponent hydrogen bonding. Clearly, dissociation from the succinamide station 

in a molecular shuttle will involve a significant energy barrier. 
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Figure 5.6 1 H NMR spectrum of 4 (400 MHz, CDCI 3) at 243 K showing slow pirouetting of the 
macrocycle about the thread (H 11  and H 12  resolved). SPT-SIR between resolved signals gives the 
energy barrier for macrocycle pirouetting. Higher temperature spectra (expansion, 243-296 K (CDCI 3) 
and 329-369 K (C 2D2C14)) illustrate the wide temperature ranges that can exist between full resolution 
and coalescence of signals affected by the dynamic processes. 

5.5 Redox-switched shuttling 

Translocation of the macrocycle in 1 could be readily triggered by electrochemical 

reduction of the naphthalimide station to its radical anion. Since the changes in 

hydrogen-bonding pattern affect the electrochemical properties of the system, the 

shuttling process could be both effected and observed in cyclic voltammetry (CV) 

experiments of 1 and its analogues and components. 1261  The CV response of 2 in 

anhydrous THF (Figure 5.7a) exhibits a reversible, one-electron reduction peak 

corresponding to reduction and re-oxidation of the naphthalimide group (2/2 °, 

E1r2 = —1.41 V). 71  Rotaxane 1 on the other hand, displays a similar cathodic signal, I, 

(E = —1.40 V, at 2 V s), yet lacks the corresponding oxidation peak (Figure 5.7b). 

Rather, a new one-electron anodic peak, II, appears towards more positive potentials 

(Ea  = —0.89 V, at 2 V s'). On subsequent scans, performed without renewal of the 

diffusion layer, it is only these two peaks that appear, indicating that the system 

returns to its original state after each cycle on this timescale. 

8 
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Figure 5.7 Cyclic voltammograms at 298 K of (a) 2 and (b) I showing both experimental (black line) 
and simulated (red line) results. Experiments carried out on I mmol L' solutions of substrate in 
anhydrous THF with TBHF (5 x 10 2  mol L') as electrolyte and ferrocene as internal standard. Scan 
rate: 2 V s ' . Working electrode: Pt. 

These results can be interpreted in terms of a standard square scheme for a redox-

switched binding process whereby the reversible translational isomerism equilibria for 

each oxidation state are connected via the electron transfer steps (Figure 5.4). As 

shown earlier, the shuttle in its neutral state overwhelmingly adopts co-conformation 

succ-1. Reduction of the naphthalimide group to give succ-1 is therefore unaffected 

by the macrocycle. Due to the increased hydrogen-bonding ability of naphthalimide in 

its reduced state, the equilibrium between co-conformations in this oxidation state lies 

far towards the ni-1 isomer so that shuttling of the macrocycle occurs. Resultant 

hydrogen bonding to the macrocycle amide protons stabilises the increased electron 
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density on the naphthalimide so that more positive potentials must be reached before 

the oxidation ni-1 —' ni-i occurs (iE = 0.51 V). Once again in the neutral state, the 

macrocycle shuttles back to the preferred succinamide station therefore restoring the 

system to its original state as succ-1. The absence of any succ-1 —+ succ-1 oxidation 

peak or ni-i —+ ni-1 reduction peak demonstrates the remarkable positional integrity 

of the shuttle in both oxidation states, while also indicating that the shuttling process 

is rapid on the timescale of the experiment. 

The CV curve of 1 was simulated (Figure 5.7b). Fitting with the experimental results 

allowed calculation of the redox potential for the electron transfer process ni-1 

1 as E11211 ' = -0.90 V. Also obtained were the rate constants in the reduced state for the 

forward shuttling process (succ-1
-. 

 —+ ni-i -a  ; k,'-* (2 ± 1) x 104  s— ' ; T= 298 K, TI-IF) 

and the backward process (ni-1 --+ succ-1-S  ; kb = (40 ± 5) s-1 ; T = 298 K, THF). 

These figures yield a co-conformational equilibrium constant for the reduced state of 

Kred = (5 ± 1) x 10 confirming that the ni-1 co-conformation is indeed strongly 

preferred. The ni-i — succ-1 shuttling process occurs faster than the ni-1--+ni-i 

oxidative electron transfer step, so that it is not possible to calculate rate constants for 

this process. 1271 The equilibrium constants in each oxidation state for any such redox-

switched binding process are related by equation (1).1281 Accordingly, the constant for 

the neutral state co-conformational equilibrium was calculated as Kn  = ( 1.2 ± 1) x 10 

6[29] consistent with the predominance of the succ-i co-conformation shown by 'H 

NMR and IR. 

ni 	uec 	R T 
In(!iL') 	 (1) AE' E, 12  — E117 	= 

nF K) 

Given the fast rate constants for shuttling in the reduced state, a scan rate of the order 

of 10 kV s' would be required to observe the succ-l' —* succ-i oxidation before 

shuttling to ni-1 occurs. Such high scan rates are not achievable with i due to the 

high resistivity of THF solutions. An alternative strategy is to run the experiments at 

low temperatures so as to slow the shuttling motion. Indeed, at 213 K, the cathodic 

peak, I, for reduction of the succ-1 species exhibits an anodic counterpart, III, while 

the intensity of anodic peak II is correspondingly reduced (Figure 5.8). The even 

greater resistivity at this temperature prevents the use of higher scan rates to oxidize 

all succ-1 species before shuttling occurs. 
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Simulation of the low-temperature CV curve (Figure 5.8) indicated, as expected, that 

the rate constant for forwards shuttling in the reduced state is much lower than that at 

room temperature (kf 1  1 s_I;  T = 213 K, THF). By repeating the simulation at 

various temperatures and subjecting the results to an Eyring plot analysis (see Figure 

5.16, Section 5.10.3), the following activation parameters for the shuttling process in 

the reduced state were obtained: AH4 = 14.0 ± 0.6 kcal mor ' , L\S = 8.7 ± 2 cal K' 

mol 1  and AG298 = 11.4 ± 1.2 kcal mol'. 
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Figure 5.8 Cyclic voltammograms at 213 K of I showing both experimental (black line) and simulated 
(red line) results. Experiments carried out on I mmol U' solutions of substrate in anhydrous THF with 
TBHF (5 x 10 2  mol L') as electrolyte and ferrocene as internal standard. Scan rate: 2 V s. Working 
electrode: Pt. 

The electrochemical results are consistent with the photochemically-induced shuttling 

experiments carried out in alkylnitrile solutions. 1811  Unfortunately, when carrying out 

the electrochemistry experiments in acetonitrile, adsorption phenomena at the 

electrodes prevented any analysis of the curves and therefore any direct comparison of 

the two stimuli in the same solvent. The electrochemical measurements were instead 

carried out on THF solutions and also repeated in DMF. Figure 5.9 compares the 

forward shuttling rates calculated from a range of experiments in different solvents 

using the two stimuli. An approximately linear relationship exists between the rate of 

shuttling (kf 1 ) and polarity of the medium, suggesting that the nature of the solvent is 

the main variable affecting the shuttling rates in these experiments (the presence of 

the supporting electrolytes in the electrochemistry experiments might also play a role, 
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but see ref. [26]). Pleasingly, the shuttling process in this class of molecular shuttles is 

independent of the means - light or electrons - used to trigger it. 

14 -I 	•MeCN 

0 	0.04 	0.08 	0.12 	0.16 
E l  

Figure 5.9 Variation of forward shuttling rate (kg) with relative permittivity, c, of solvent. Data points 
in black are calculated from experiments using an electrochemical stimulus; data points in red are 
calculated from experiments using a photochemical 	 All experiments were carried out at 

298 K. 

5.6 Is the redox-induced motion really shuttling? 

It might be argued that hydrogen-bonding interactions between the ni station and 

either the succ station or the macrocycle in 1 could arise from folded conformations 

(e.g. folded-succ 1-F and folded-succ"-1, Figure 5.10), accounting for the 

experimental observations without requiring an actual change in the position of the 

macrocycle on the thread in the reduced rotaxane. In order to demonstrate 

unequivocally that the reduction of 1 does, in fact, result in shuttling of the 

macrocycle between the succ and ni stations, the electrochemical behaviour of model 

rotaxanes 5-8 (Chart 5.2) was investigated. 

'Gate-closed' shuttle 7 incorporates a bulky silyl ether between the two stations which 

is large enough to preclude any shuttling, yet should not prevent the formation of a 

variety of folded conformations; removal of this group to give 8 restores the 

possibility of redox-switched shuttling, thus generating a system closely analogous to 

1. 
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Compared to 1, rotaxane 6 has a reduced length of alkyl spacer (C2 in place of C12) 

thus disallowing folded conformations involving multipoint interactions between the 

naphthalimide carbonyls and macrocycle amide protons. 

In model compound 5, methylation of the succinamide nitrogens prevents a folded 

conformation involving hydrogen bonding to these units (i.e. the succ unit in 5 can 

only act as a hydrogen-bond acceptor). 
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q 	C:, 	
Ph 

Ph 

folded-ni-I -. 	 etc. 

Figure 5.10 Possible folded co-conformations for reduced rotaxane I 

'H NMR spectra of each of 5-8 in CDC1 3  show that the macrocycle sits over the succ 

station in each case, exactly as observed for 1. The behaviour of these model systems, 

together with other control experiments and observations, leads to a series of 

arguments showing that the observed CV effects in 1 are a result of the macrocycle 

shuttling along the thread. 

'Gate-closed' rotaxane 7 (where shuttling is prohibited) shows a CV response 

(Figure 5.11 a) identical to that of the thread 2 not rotaxane 1, indicating that 

there is no hydrogen-bond stabilization of the naphthalimide radical anion as a 

result of folding in 7. However, the 'gate-opened' version 8 shows virtually 

identical CV behaviour (Figure 5.11 b) to rotaxane 1, the only difference being 

that the dynamics are over a slightly longer timescale presumably as a result of 

the branching in the thread providing a small steric barrier to macrocycle 

translation. 

Model rotaxane 6, which is too short and rigid to allow multiple hydrogen 

bonds between the macrocycle and the ni station, also shows very similar CV 

behaviour to 1 (see Figure 5.14, Section 5.10.2), although over a much shorter 

timescale, reflecting the smaller amplitude of shuttling that is required. 
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Removing the possibility of hydrogen bonding to the amide protons of the succ 

station in 5 does not affect the CV response, suggesting that all the hydrogen 

bonds to the ni station come from the macrocycle. 

Molecular modelling studies show that folded conformations of 1 can only be 

stabilized by one or two hydrogen bonds from the macrocycle to the ni station 

due to geometrical constraints. Molecular dynamics simulations on such 

structures indicate that the macrocycle would still shuttle along the thread in 

order to form multipoint hydrogen bonds to the naphthalimide unit. 
[301 

The large anodic shift for re-oxidation of the naphthalimide in 1 •  indicates 

extensive stabilization of the radical anion (AE' = 0.51 V; corresponding to 

AG = -11.8 kcal mol'). This is equivalent to the formation of three or four 

strong hydrogen bonds which modelling shows can only arise in geometries 

where shuttling has occurred. [311 

If only one or two intramolecular hydrogen bonds were producing the shifts 

seen in the CV of 1, a similar process could take place in the thread (2) using the 

succinamide amide protons as hydrogen-bond donors. This is clearly not the 

case as 2 exhibits an identical CV response to that of its N-methylated analogue 

(9). 

For rotaxanes 1, 5 and 8 (dynamics in 6 are too fast to measure) more polar 

solvents accelerate the speed of the process, suggesting that breaking of 

hydrogen bonds is the rate determining step, not formation of hydrogen bonds 

which one might expect in a folding mechanism. 

It is known that alkyl chains fold several orders of magnitude faster than the 

dynamics observed in the current system. [321 

Folding a long alkyl chain is entropically unfavourable and cyclic, hydrogen-

bonded conformations forming large rings of the type produced in the possible 

folded conformations of 1 are not often free energy minima. 1331  In comparison, 

the entropy of activation calculated for shuttling in 1 (AS = 8.7 ± 2 cal K' 

mor') is positive; the calculated enthalpy of activation (E.H = 14.0 ± 0.6 kcal 

mor') is also more consistent with a shuttling mechanism, where the rate 

determining step is breaking of hydrogen bonds as opposed to forming bonds in 

a folding mechanism. 
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(x) The energy barrier determined for shuttling in the reduced state (AG298 = 11.4 

± 0.6 kcal mol') is consistent with known energy barriers for shuttling between 

two degenerate stations in similar molecular shuttles,Elal  and also with the 

energy barrier for pirouetting of the macrocycle in model rotaxane 3 (see 

Section 5.4, above). 

1OA 

-0.5 	-1.0 	-1.5 	-2.0 
E/V 

Figure 5.11 Cyclic voltammograms at 223 K of (a) 7 and (b) 8. Experiments carried out on 0.5 mmol 
L 1  solutions in DMF with tetraethylammonium tetrafluoroborate (5 x 102 mol L) as electrolyte. 
Scan rate: 0.5 V s '. Working electrode: Pt. 

Given that folding cannot account for the multipoint hydrogen bonding that stabilizes 

the reduced naphthalimide in 1, nor can it account for the behaviour of 8 mirroring 

that of I while that of 7 does not, the only process that satisfies the experimental 

behaviour for these molecules is shuttling. We do not exclude the likelihood that 

folding occurs in some of these systems to some degree (e.g. folded-ni-1, Figure 

5.10). Indeed there is evidence to support this in a few of the low energy co-

conformations identified in modelling studies (see above and ref. [30]). However, in 
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all these low energy co-conformations - folded or extended - the macrocycle has 

shuttled from the succ station to the n1 unit. 

5.7 Variation of the redox-active station 

Having verified and characterized the redox-induced shuttling mechanism in 1, it was 

decided to explore the effects of structural variation at the imide unit on the dynamic 

process. Developing a range of related redox-switchable stations should both reveal 

aspects of the shuttling mechanism through trends across the series, while also 

providing a larger 'toolbox' of characterized units from which future device design 

can select. Rotaxanes 13-19 were therefore designed and prepared (Schemes 5.3 and 

5.4). Each of these molecules contains a succinamide station separated from an imide-

based redox-active moiety by a C12 alkyl chain. Shuttle 13 incorporates a 1,4,5,8-

naphthalene diimide station in place of the 1 ,8-naphthalimide unit of 1. The diimide 

station is able to undergo two reversible one-electron reduction processes, allowing 

comparison of the radical anion and dianion states, while the first reduction potential 

is expected to be significantly less negative than that of the naphthalimideJ' 31  The 

pyromellitic diimide moiety in 14 and 15 is a less extensive conjugated system, and so 

will not be as easily reduced as the naphthalene diimide, yet it too can accept two 

electrons. 131  Its smaller steric size should also allow the macrocycle free passage over 

the electroactive station, even at room temperature, a feature which may be of interest 

for the design of more complex molecular machines. The 3,3',4,4'-benzophenone 

diimide in rotaxanes 16 and 17 is a three-electron acceptor - the keto-carbonyl 

providing the third site for reduction. 1131 This central carbonyl, which is part of the 

delocalised system, may also present a different binding mode for the macrocycle. 

The 3,4,9,10-perylene diimide in 18 and 19 can also accept three electrons and should 

be the most easily reduced of all the redox centres here. 31  

These imide units have been shown to exhibit electrochromic behaviour, with each 

radical anion absorbing at longer wavelengths than the corresponding ground state or 

dianion. A linear relation exists between E° 1  for the first reduction and ? of the 

longest absorbance band of the radical anion, with bands well into the near IR region 

observed. t131  Photochemical excitation of the radical anions produces highly reducing 

excited states, 1341  while electrogenerated chemiluminescence has also been observed 
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for the perylene radical anions, when generated in the presence of the corresponding 

radical cations. 1351  The perylene ground state, however, also absorbs strongly in the 

visible region, leading to the brilliant purple colour of these materials, which has long 

made them of interest as vat dyes and pigments. 
1361  The naphthalene- and 

benzophenone-based derivatives show particularly efficient intersystem crossing to 

afford the triplet excited states which can be exploited to induce photoreduction of 

these systems; 18g, 371 the perylene chromophore on the other hand exhibits strong 

fluorescence in solution. 1361 We therefore anticipate a range of interesting 

photophysical phenomena in these systems which may be used to initiate, probe or 

modify the shuttling process. 

The symmetrical design of threads 21-23 - whereby each redox-active station is 

flanked by a succinamide unit on either side - brings synthetic advantages to the 

synthesis of the threads, but also allows preparation of both [2]- and [3]rotaxanes, and 

shuttling of two rings simultaneously onto the same unit can be investigated. Finally, 

pyridyl-containing analogues 24-26 were also prepared for the study of shuttling at 

surfaces (see Section 5.8, below). 
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Scheme 5.4 Synthesis of rotaxanes 16-19, 25 and 26. Reagents and conditions: (I) isophthaloyl 
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'H NMR spectroscopy in CDC13 indicates that for all the rotaxanes shown in Schemes 

5.3 and 5.4, the co-conformation with the ring(s) residing over the succinamide 

station(s) is predominant, as expected (MH values for protons 1-Lj and He in 13-19 

compared to the respective threads are all in the range —1.39 to —1.42 ppm). 

Electrochemical and photophysical studies of these systems are ongoing, and 

preliminary results indicate that macrocycle shuttling can be induced in each of these 

second generation systems. 

The electrochemically-induced processes occurring in 13 are summarised in Figure 

5.12. Compared to 1, the more extensive conjugated system in 13 is more easily 

reduced to give 13. Again, the extra electron density is primarily located on the 

carbonyl oxygen atoms, but as there are four such groups in 13, a smaller change in 

the hydrogen-bond basicity of the imide station is observed and the succ-13':W-13 

co-conformational ratio is —50:50. On going to more negative potentials, however, the 

dianionic form can be accessed and in this state the co-conformational equilibrium 

now lies strongly in favour of ni-132 . As such, 13 represents one of the first examples 

of a molecular shuttle in which the affinity of one station for the macrocycle may be 

varied between more than two states by an external stimulus. 381  

The increased stability of the ni-co-conformation on increasing charge is reflected in 

the decreasing backward shuttling rates (kb). However, it can be seen that on going 

from 13 to 132_,  the forward shuttling rate (kf) also increases by over two orders of 

magnitude. This may indicate that folded intermediates, which can form faster than 

macrocycle translocation, 1321  play a role in the shuttling mechanism, particularly for 

the highly electron rich dianionic form. Shuttling in 13 has also been observed by 

transient absorption spectroscopy on photochemical generation of the radical anion. 
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Figure 5.12 Square scheme describing the redox-switched shuttling in [2}rotaxane 13. Data are 
calculated from fitting of simulated cyclic voltammetry curves to experimental data obtained on 
0.5 mmol L' solutions of substrate in anhydrous TI-IF, with TBHF (5 x 10-2  mol L) as electrolyte and 
ferrocene as internal standard. Scan rate: I V s, T= 298 K. 

Electrochemically triggered shuttling in 14, 16 and 18 has also been successfully 

observed, although these dynamic processes have yet to be fully characterized, while 

the [3]rotaxanes 15, 17 and 19 await study, along with photophysical investigations of 

all these systems. 

5.8 Towards observation of redox-switched shuttling at surfaces 

Transposing working molecular machines from solution-phase environments onto 

surfaces and into the solid state will clearly be a key step in the development of many 

potential applications. 391  Molecular shuttles have been used to construct solid-state or 
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surface-based devices which exhibit switchable conductance, 
[2' 401 optical 

properties, [411 wettability, t421  porosity [431  and shape 1 . Although stimuli-induced 

shuffling is strongly implicated in the operation of each of these remarkable systems, 

reliable methods for anchoring shuttles in a way which preserves their dynamic 

properties and, moreover, strategies for directly observing their stimuli-induced 

motions in such environments are goals which have proven particularly challenging 

over nearly a decade of study. [451 

The vast majority of studies to date have involved attachment of the thread component 

in rotaxanes to surfaces, or its incorporation in a polymeric matrix. 1461  Attachment of 

the macrocycle to a surface, however, should offer an alternative approach to creating 

functional shuttle-based devices. Rotaxane 12, in which the macrocycle contains two 

pyridine-3,5-dicarboxamide moieties, has been successfully attached to a self-

assembled monolayer (SAM) of I 1-mercaptoundecanoic acid (1l-MUA) and the 

surface characterized by X-ray photoelectron spectroscopy, electrochemical 

impedance spectroscopy and fluorescence spectroscopy. 1411  In line with an earlier 

investigation on the attachment of a related pyridine-containing macrocycle to a SAM 

of I 1 -MUA,t481  it was determined that hydrogen bonds between the pyridines and 

alkanethiol carboxylates anchor the molecules with the macrocycle plane 

perpendicular to the SAM surface. In the case of the rotaxane, the thread is 

correspondingly oriented parallel to the surface and secondary hydrogen-bonding 

interactions occur between the imide carbonyls and I l-MUA carboxylates. 1471  Overall 

surface coverage is very good, but the size and orientation of the molecules means 

that this corresponds to functionalization of —3% of the 11-MUA molecules. 

Furthermore, the photophysical studies indicated that naphthalimide fluorescence is 

not completely quenched by the gold surface, suggesting that fluorescence 

spectroscopy may be useful for detecting stimuli-induced shuttling motions in this 

environment. 

A different molecular shuttle (which operates on the basis of a photoisomerization) 

has since been grafted onto a SAM of 11 -MUA in a similar fashion, creating surfaces 

exhibiting switchable wettability and across which a liquid droplet may be transported 

on application of the shuttling stimulus. 1421  Direct observation of the shuttling motion, 

however, is yet to be achieved. Rotaxane 12 exhibits similar solution electrochemistry 

to the parent shuttle I, but the relatively large negative potential required to reduce the 
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naphthalimide station is incompatible with gold—thiolate SAMs, which are unstable at 

potentials below Ca. —1.0 V. 491  The less negative reduction potential of the perylene 

diimide redox centre should be more suitable and so the pyridine-functionalized 

[2]rotaxane, 25, was grafted onto surfaces in the manner described above. Double 

potential step chronoamperometry, which measures the rates of electron transfer 

processes, has revealed that oxidation of the radical anion has an additional, faster 

electron-transfer component, compared to the one-electron reduction process. This 

would be consistent with a model in which some of the reduced molecules have the 

macrocycle shuttled onto the imide station, thus providing a more direct through-bond 

route for electron transfer to the surface. However, although shuttling can be observed 

for 25 in solution (using fast scan rates and low temperatures), cyclic voltammetry at 

ambient temperature unexpectedly shows an irreversible chemical reaction of the 

radical anion form, which is unique to the rotaxane. It is therefore impossible to 

unequivocally assign the observations made on the surface as due to shuttling. 

Attention has therefore now shifted to the naphthalene diimide redox centre, which 

exhibits reduction potentials very similar to the perylene diimde. The solution-phase 

electrochemistry of pyridine-containing rotaxane 24 is fully reversible and preparation 

and characterization of this shuttle on surfaces is currently under investigation. 

5.9 Conclusions 

The use of electrochemical stimuli to manipulate intercomponent interactions 

provides a powerful method for both controlling and observing submolecular motion 

in hydrogen-bonded molecular shuttles. In the present benzylic amide macrocycle-

based rotaxane system, the motion resulting from reduction and re-oxidation of the 

naphthalimide station in 1 has been unequivocally shown to be reversible shuttling of 

the macrocycle along the thread. This constitutes a molecular shuttle which exhibits 

remarkable positional integrity of the macrocycle on the thread in both oxidation 

states and rapid dynamics of the triggered shuttling between them. 

The simplicity of the structures involved and the process used to control and detect 

the intercomponent motion has readily allowed extension of this series to include a 

number of different imide-based electroactive stations. The results to date indicate 

that in all cases the redox-induced dynamics observed in 1 are conserved across the 
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series, while the parameters characterizing the shuttling process - redox potentials, 

rates, co-conformational equilibrium constants - can be tuned through these structural 

variations. Fully understanding the relationships between chemical structure and the 

shuttling characteristics should lead to an increasingly detailed understanding of the 

mechanisms by which translational motion in rotaxanes occurs. 

Despite the successful operation of some remarkable devices in recent years, the 

investigation of large amplitude relative motions of interlocked molecular components 

in the solid state and at surfaces is currently an embryonic field. Surfaces created by 

physisorption of molecular shuttles onto an acid-terminated self-assembled monolayer 

on gold have been characterized and it is expected that by using a combination of 

electrochemical techniques and photophysical measurements it will be possible to 

observe stimuli-induced shuttling in such an environment and to characterize this 

process quantitatively. 

5.10 Experimental section 

5.10.1 Synthesis 

121 -(1,7,1 4,20-Tetraaza-2,6, 15,1 9-tetraoxo-9, 1 2,22,25-dibenzo-3,5, 1 6,18-di 15-
pyridylj cyctohexacosane)- IN-(1 2- { 14-(2,2-diphenylethylamino)4-
oxobutanoyl] amino) dodecyl)-1,8-n aphthalimidel  -rotaxane (12) 

D *IHN 

O-" 	

12 	 m 

Solutions of freshly prepared pyridine-3 ,5-dicarbonyl dichloride (715 mg, 3.50 mmol) 

in chloroform (20 mL) and p-xylylenediamine (476 mg, 3.50 mmol) with 

triethylamine (983 pL, 7.01 mmol) in chloroform (20 mL) were simultaneously added 

using motor-driven syringe pumps over 4 h to a solution of thread 2 (338 mg, 

0.438 mmol) in chloroform (50 mL). Following addition, the mixture was allowed to 

stir for a further 16 11 before removal of the colourless precipitate by filtration. Solvent 

was removed from the resulting filtrate under reduced pressure to give a colourless 

solid. This material was purified by flash chromatography (Si02; 
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methanollchloroform, 2:98 to 4:96) to provide [2]rotaxane 12 as a colourless solid 

(261 mg, 46%); mp > 200 °C (decomp.); 'H NMR (400 MHz, CDC13): 8 = 9.11 (br s, 

411, HA),  8.68 (br s, 2H, HB),  8.62 (d, J = 1.8 Hz, 2H, Hk), 8.25 (br t, I H, He), 8.11 (d, 

.1= 1.8 Hz, 2H, Hi),  8.07 (brt, 1H, Hj), 7.61 (brt, 4H, Hc), 7.32 (s, 8H, HE), 7.28-7.14 

(m, IOH, Hph),  4.57 (br s, 8H, I-ID).  4.16-4.11 (m, 3H, Ha  & Hi), 3.83 (br dd, 2H, Hb), 

3.12 (br s, 2H, Hg), 1.69 (quint., J = 7.5 Hz, 2H, H), 1.46 (s, 2011, Hm & Hi,), 1.41 

1.22 (m, 16H, alkyl CH2), 1.04 (s, 4H, 1-Li & He); ' 3C NMR (100 MHz, CDC1 3): 8 = 

173.6 (succinamide C=O), 173.2 (succinamide CO), 164.6 (imide C=O), 163.5 

(macrocycle C=O), 151.1 (ArCHA), 150.2 (naphthalene ArC qC(CH3)3), 141.5 (phenyl 

ArCq), 137.4 (xylyl ArC q), 131.8 (naphthalene ArC q), 131.8 (ArCI-IB), 129.7 (ArCHE), 

129.2 (naphthalene ArCH), 129.1 (naphthalene ArCH), 128.8 (phenyl ArCH), 128.6 

(pyridyl ArC q), 127.7 (phenyl ArCH), 127.2 (phenyl ArCH), 124.8 (naphthalene 

ArCq), 122.1 (naphthalene ArC q), 50.6 (CH,,), 44.4 (CH2(b)), 44.1 (CH2(D)), 40.4 

(CH2(j)), 39.8 (CH2( g)), 35.3 (Cq(CH3)3), 31.2 (CH3), 29.6, 29.54, 29.50, 29.4, 29.32, 

28.28, 28.2, 27.13, 27.06 (12 x  CH2); HRMS (FAB, 3-NOBA matrix): m/z = 

1306.7044 [(M+H)] (anal. calcd for C 80H92N908 : m/z = 1306.7069). 

121 -(1,7,1 4,20-Tetraaza-2,6, 15,1 9-tetraoxo-3,5,9, 12,16,18,22,25-
tetrabenzocyclohexacosane)-IN-(2,2-dipehnylethyl)-N'-(12-114-(2,2- 
diphenylethylamino)-4-oxobutanoylI amino} dodecyl)-naphthalene- 1,4,5,8-
tetracarboxylic diimidej-rotaxane (13) 

0 
DY{ 

E IHN. 

Ph b

41 	

b 

Q 'Ph

h  

1( 

13  

Solutions of isophthaloyl dichloride (354 mg, 1.74 mmol) in chloroform (10 mL) and 

p-xylylenediamine (237 mg, 1.74 mmol) with triethylamine (489 p.L, 3.49 mmol) in 

chloroform (10 mL) were simultaneously added using motor-driven syringe pumps 

over 4 h to a solution of thread 20 (198 mg, 0.218 mmol) in chloroform (20 mL). 

Following addition, the mixture was allowed to stir for a further 2 h before removal of 

the off-white precipitate by filtration. The resulting filtrate was diluted with 

chloroform (40 mL) and washed with hydrochloric acid (IN, 3 x  80 mL), sodium 
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hydrogen carbonate (sat. aq ., 3 x  100 mL) and brine (sat., 100 mL). The organics 

were then dried (MgSO4) and evaporated to give a pale brown residue. This material 

was purified by flash chromatography (Si02; methanol/chloroform, 1:99), then the 

product-containing material was washed repeatedly in hot toluene to remove all traces 

of the thread starting material, affording the [2]rotaxane 13 as a pale yellow solid 

(88.0 mg, 28%); mp> 100 °C (decomp.); 'H NMR (400 MHz, CDC13): 6 = 8.68 (d, J 

= 7.6 Hz, 2H, Hk or H,), 8.63 (d, I = 7.6 Hz, 2H, Hk or H,), 8.33 (s, 2H, HC), 8.13 (dd, 

J = 7.8 Hz and J = 1.3 Hz, 4H, HB),  7.60-7.54 (m, 6H, HA & HD), 7.35-7.13 (m, 20H, 

Hph), 7.03 (s, 8H, HF), 6.24 (t, I = 4.6 Hz, lH, He), 6.19 (t, J = 5.3 Hz, IH, Hj), 4.88 

(d, J= 8.0 Hz, 2H, Hm), 4.78 (t, J 7.8 Hz, 1H, Ha), 4.48 (d, J = 5.1 Hz, 8H, HE), 4.14 

(t, J = 7.6 Hz, 2H, Hi), 4.07 (t, J = 7.8 Hz, IH, Ha), 3.70 (dd, J = 7.6 Hz and J = 5.8 

Hz, 2H, Hb),  3.02 (q, J = 6.7 Hz, 2H, Hg), 1.68 (br s, 2H, H,), 1.41-1.36 (m, 2H, Hh), 

1.34-1.22 (m, 16H, alkyl CH2), 0.98 (s, 4H, Hd& He); '3C NMR (100 MHz, CDC1 3): 

6 = 173.0 (succinamide C'O), 172.8 (succinamide CO), 166.4 (macrocycle C=O), 

162.8 (2 x  imide C0), 141.4 (phenyl ArC q), 141.2 (phenyl ArC q), 137.7 (xylyl 

ArCq), 133.8 (isophthaloyl ArCq), 131.5 (ArCHB), 130.9 (naphthalene ArCH), 130.8 

(naphthalene ArCH), 129.14 (ArCHA), 129.10 (ArCHF), 128.9 (phenyl ArCH), 128.41 

(phenyl ArCH), 128.37 (phenyl ArCH), 127.8 (phenyl ArCH), 127.2 (phenyl ArCH), 

126.8 (phenyl ArCH), 126.57 (naphthalene ArC q), 126.56 (naphthalene ArC q), 126.5 

(naphthalene ArC q), 126.2 (naphthalene ArC q), 123.9 (ArCHc), 50.5 (CH,,,), 48.6 

(CH), 44.8 (CH2(m) ), 44.2 (CH2(b)), 43.9 (CH2(g), 40.9 (CH2(j)), 39.8 (CH2 (g)), 29.6, 

29.54, 29.49, 29.43, 29.40, 29.3, 29.2, 28.0, 27.0, 26.9 (12 x  CH2); HRMS (FAB, 3-

NOBA matrix): m/z = 1441.6759 [(M+H)4] (anal. calcd for 12 C89 13CH89N8010: m/z = 

1442.6735). 
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12 J-( 1,7,1 4,20-Tetraaza-2,6,1 5,1 9-tetraoxo-3,5,9, 12,16,18,22,25-
tetrabenzocycLohexaCOSafle)-1N,1'bis( 12- { 4_(2,2dipheny1ethYLamihb0) 
oxobutanoyljaminO}dOdeCY1)PYr0meH1tJc diimidej-rotaxane (14) 

and 

131 -Bis( 1,7,1 4,20-tetraaza-2,6,l 5, 19-tetraoxo-3,5,9,l2, 16,18,22,25-
tetrabenzocyclohexaCOSafle) IN,N'-bis( 12- { 14(2,2diphenyIethY1amb0)-4 
oxobutanoylI amino) dOdeCY1)PYr0mellht diimidej-rotaxane (15) 

oro 

Ph 

H 	

Ph N. 

r 	
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Solutions of isophthaloyl dichloride (271 mg, 1.34 mmol) in chloroform (10 mL) and 

p-xylylenediamine (182 mg, 1.34 mmol) with triethylamine (375 .LL, 2.67 mmol) in 

chloroform (10 mL) were simultaneously added using motor-driven syringe pumps 

over 4 h to a solution of thread 21 (190 mg, 0.167 mmol) in chloroform (25 mL). 

Following addition, the mixture was allowed to stir for a further 16 h before removal 

of the off-white precipitate by filtration. The resulting filtrate was concentrated under 

reduced pressure and the crude product purified by repeated flash chromatography 

(Si02; 2:45:50 methanoliethyl acetate/dichloromethane) to afford, in order of elution: 

[3}rotaxane 15 as a colourless solid (15.0 mg, 4.1%); mp> 140 °C (decomp.); 'H 

NMR (400 MHz, CDC13): 8 = 8.25 (s, 411, I-Ic),  8.11 (s, 2H, HO, 8.08 (d, J = 7.6 Hz, 

8H, H8), 7.63 (br s, 8H, HD), 7.54 (t, J = 7.6 Hz, 4H, HA), 7.30-7.15 (m, 20H, Hph), 

7.07 (s, 16H, HF),  6.70 (brt, 2H, I-If),  6.55 (brt, 2H, He), 4.51-4.43 (m, 16H, HE), 4.11 

(br t, 2H, He), 3.74-3.71 (m, 8H, IIh & Hi), 3.01 (br S, 4H, Hg), 1.68 (br s, 411, H 1), 

1.39 (br s, 414, Hh).  1.28-1.16 (m, 32H, alkyl CH2), 1.01-0.99 (m, 8H, Hd & H e); 13C 
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NMR (100 MHz, CDCI3): ö = 173.1 (succinamide CO), 172.9 (succinamide C=O), 

166.42 (macrocycle or imide C=O), 166.40 (macrocycle or imide C=O), 141.5 

(phenyl ArCq), 137.5 (xylyl C q), 137.1 (pyromellitic ArC q), 133.7 (isophthaloyl 

ArCq), 131.5 (ArCH8), 129.2 (ArCHF), 129.0 (ArCH A), 128.9 (phenyl ArCH), 127.8 

(phenyl ArCH), 127.1 (phenyl ArCH), 124.0 (ArCHc), 117.8 (ArCHk), 50.5 (CH,,), 

448 (CH2(b)), 44.0 (CH2(), 39.8 (CH2)), 38.9 (CH2(j)), 29.7 (CH2), 29.5 (CH2), 29.4 

(Cl2), 29.3 (CH2), 29.22 (CH2), 29.19 (CH2), 29.1 (CH 2), 28.8 (CH2), 28.1 (CH2), 

27.3 (CH2), 26.9 (Cl2), 26.4 (CH2); HRMS (FAB, THIOG matrix): m/z = 2207.1038 

[(M+Ff)+] (anal. calcd for 1 2C 1 33 13 CH145N14016: m/z = 2207.0997); 

[2]rotaxane 14 as a colourless solid (114 mg, 41%); mp> 120 °C (decomp.); 'H NMR 

(400 MHz, CDC13): 8 = 8.34 (s, 2H, Hc), 8.18 (s, 2H, Hk), 8.13 (d, J = 7.7 Hz, 4H, 

HB), 7.63 (t, J = 5.0 1-Lz, 4H, HD), 7.56 (t, J = 7.7 Hz, 2H, HA), 7.31-7.13 (m, 20H, 

Hph), 7.03 (s, 8H, I-iF). 6.41 (brt, IH, Hj), 6.32 (br t, IH, H e), 6.10 (br S, 2H, H & Ha), 

4.47 (d,J5.0 Hz, 8H, HE), 4.16 (t,J = 7.9 Hz, 1H, H,,), 4.07 (t,J = 7.8 Hz, 1H, Ha), 

3.85 (dd, J = 7.7 Hz and J = 5.9 Hz, 2H, H1), 3.74-3.69 (m, 6H, H,, & H & H,), 3.14 

(q, J = 6.7 Hz, 211, H0), 3.00 (q, J = 6.5 Hz, 2H, Hg), 2.32 (s, 4H, Hq  & Hr), 1.69-1.66 

(m, 4H, Hi  & Hm), 1.46-1.39 (m, 4H, H,, & H,,), 1.31-1.20 (m, 32H, alkyl CH2), 0.98 

(s, 4H, Hd & He); 13C NMR (100 MHz, CDC13): 8 = 173.1 (succinamide C=O), 172.9 

(succinamide CO), 172.4 (succinamide C=O), 172.1 (succinamide C=O), 166.4 (2 x 

imide C0), 166.3 (macrocycle C0), 141.7 (phenyl ArC q), 141.5 (phenyl ArC q), 

137.7 (xylyl ArC q), 137.1 (2 x  pyromellitic ArC q), 133.8 (isophthaloyl ArC q), 131.5 

(ArCHB), 129.1 (ArCHF), 129.0 (ArCHA), 128.9 (phenyl ArCH), 128.7 (phenyl 

ArCH), 128.0 (phenyl ArCI-I), 127.8 (phenyl ArCH), 127.2 (phenyl ArCH), 126.8 

(phenyl ArCH), 123.9 (ArCHc), 117.9 (ArCHk), 50.53 (C1-L,), 50.49 (CH,,), 44.2 

(CH2(b)), 43.90 (CH2 (g).. 43.85 (CH2(:)), 39.8 (CH2(g)), 39.7 (CH2 0 ), 38.71 (CH2or0, 

38.65 (CH2V  or '), 31.7 (CH2(q  or ,.)), 31.6 (CH2(q  or r)), 29.7, 29.6, 29.5, 29.44, 29.40, 

29.30, 29.26, 29.2, 29.1, 28.9, 28.40, 28.37, 28.3, 26.9, 26.8, 26.6 (22 x  CH2); HRMS 

(FAB, 3-NOBA matrix): m/z = 1674.8875 [(M+H)] (anal. calcd for 

12C 101 13CH117N,0012: m/z = 1674.8886). 
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121 -(1,7,1 4,20-Tetraaza-2,6, 15,1 9-tetraoxo-3,5,9, 12,16,18,22,25-
tetrabenzocyclohexacOSafle)-IN,N'-biS( 12- { 14-(2,2-d iphenylethylamino)-4-
oxobutanoyljamino) dodecyl)-benzophenone-3,3 ',4,4 '-tetracarboxylic 	diimidel- 

rotaxane (16) 

and 

131 -Bis( 1,7,1 4,20-tetraaza-2,6, 15,1 9-tetraoxo-3,5,9, 12,16,18,22,25-
tetrabenzocyclohexacosane)-IN,N'-biS( 12- { 14_(2,2_diphenylethylamino)-4 
oxobutanoylj amino}dodecyl)-benzophenone-3,3 ',4,4 '-tetracarboxylic 	diimidej- 
rotaxane (17) 

E 't 
D 	

H 	 0 	 0 
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Solutions of isophthaloyl dichloride (629 mg, 3.10 mmol) in chloroform (20 mL) and 

p-xylylenediamine (422 mg, 3.10 mmol) with triethylamine (870 [LL, 6.20 mmol) in 

chloroform (20 mL) were simultaneously added using motor-driven syringe pumps 

over 4 h to a solution of thread 22 (386 mg, 0.310 mmol) in chloroform (35 mL). 

Following addition, the mixture was allowed to stir for a further 16 h before removal 

of the off-white precipitate by filtration. The resulting filtrate was concentrated under 

reduced pressure and the crude product purified by repeated flash chromatography 

(Si02 ; methanol/ethyl acetate/dichloromethane, 2:38:50 to 2:48:50) to afford, in order 

of elution fractions of [3]rotaxane and [2]rotaxane which were further purified by 

recrystallization from a mixture of dichioromethane and toluene, giving: 

[3]rotaxane 17 as a colourless solid (39.7 mg, 5.5%); mp 172-175 °C; 'H NMR 

(400 MHz, CDC13): 6 = 8.25 (s, 4H, I-Ic).  8.18-8.08 (m, 12H, Hk & H m  & HB), 7.98 (d, 

J = 7.6 Hz, 2H, H1), 7.63 (br t, 8H, HD),  7.54 (t, J = 7.6 Hz, 4H, HA),  7.29-7.13 (m, 

20H, He,,), 7.05 (s, 16H, Hb'), 6.60 (br s, 4H, H & Hj), 4.47 (br s, 16H, HE), 4.09 (t, J 
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= 7.6 Hz, 2H, Ha), 3.71-3.68 (m, 8H, H,, & Hi), 3.01 (br q, 4H, Hg), 1.67 (br s, 4H, H), 

1.40 (br s, 4H, H,,), 1.28-1.13 (m, 32H, alkyl CH2), 0.99 (s, 8H, Hd& He); ' 3C NMIR 

(100 MHz, CDCI 3): ö = 193.2 (benzophenone C0), 173.1 (succinamide C=O), 172.9 

(succinamide C=O), 167.24 (imide CO), 167.21 (imide C=O), 166.5 (macrocycle 

C0), 141.52 (benzophenone ArC q), 141.45 (phenyl ArC q), 137.5 (xylyl ArC q), 135.4 

(benzophenone ArC q), 135.4 (benzophenone ArCH), 133.7 (isophthaloyl ArC q), 132.4 

(benzophenone ArC q), 131.5 (ArCHB), 129.2 (ArCHF), 129.0 (ArCH4, 128.9 (phenyl 

ArCH), 127.8 (phenyl ArCH), 127.1 (phenyl ArCH), 124.1 (benzophenone ArCH), 

124.0 (ArCHc), 123.7 (benzophenone ArCH), 50.5 (CHa), 44.0 (CH2( b) & CH2( ), 

39.8 (CH2)), 38.4 (CH2(j)), 29.5 (CH2), 29.43 (CH2), 29.41 (CH2), 29.38 (CH2). 29.34 

(CH2), 29.27 (CH2), 29.2 (CH2), 29.02 (CH2), 28.96 (Cl-I 2), 27.0 (CH2), 26.9 (CH2), 

26.7 (CH2); HRMS (FAB. 3-NOBA matrix): m/z = 2311.1259 [(M+H)] (anal. calcd 

12 	13 	+ for C140 CH149N14017 . .,n/z— - 2311.1259), 

[2]rotaxane 16 as a colourless solid (96.2 mg, 18%); mp 114-117 °C; 'H NMR 

(400 MHz, CDC1 3): 8 = 8.41 (s, 2H, Hc),  8.19-8.14 (m, 8H, Hk & Hm & H & H & 

HB). 7.99 (d, J = 7.2 Hz, 2H, H1 & H 0), 7.61-7.56 (m, 6H, HA & I-ID). 7.31-7.14 (m, 

2011, Hph), 7.01 (s, 8H, HF), 6.05-5.94 (m, 4H, H & Hj& H & FI R), 4.47 (d, J = 5.1 

Hz, 811, I-IF).  4.15 (t,J = 7.8 Hz, LH, Hi), 4.06 (t,J = 7.4 Hz, 1H, Ha), 3.87-3.84 (m, 

21-I, H),), 3.71 (br s, 6H, H,, & H & Hq), 3.14 (br q, 2H, 11,), 3.01 (br q, 2H, H g), 2.32 

(s, 4H, ft & H,4 ), 1.68 (br 5, 4H, H, & Hr), 1.47-1.39 (m, 4H, H,, & H),1.31-1.23 (m, 

32H, alkyl CH2), 0.98 (s, 4H, Hd & H e); 13C NMR (100 MHz, CDC13): ö = 193.3 

(benzophenone C=O), 173.0 (succinamide C0), 172.9 (succinamide C=O), 172.2 

(succinamide CO), 171.9 (succinamide CO), 167.2 (4 x  imide C0), 166.4 

(macrocycle C=O), 141.8 (phenyl ArC q), 141.5 (2 x  benzophenone ArCq), 141.4 

(phenyl ArC q), 137.8 (xylyl ArC q), 135.4 (2 x  benzophenone ArC q), 135.3 (2 x 

benzophenone ArCH), 133.9 (isophthaloyl ArC q), 132.5 (2 x  benzophenone ArCq), 

131.6 (ArCHB), 129.2 (ArCH A ), 129.1 (ArCHF), 128.9 (phenyl ArCH), 128.7 (phenyl 

ArCH), 128.0 (phenyl ArCH), 127.8 (phenyl ArCH), 127.2 (phenyl ArCH), 126.8 

(phenyl ArCH), 124.1 (2 x  benzophenone ArCH), 123.9 (ArCHc), 123.7 (2 X 

benzophenone ArCH), 50.6 (CH,), 50.4 (CH,,,), 44.0 (CH2(b)), 43.9 (CH2( ), 43.8 

(CH2(y)), 39.70 (CH2(g) ), 39.65 (CH2(t ), 38.5 (CH 2(/)  & CH2(q)), 31.8 (CH2(vorw)), 31.7 

(CH2(v orw)), 29.71, 29.69, 29.64, 29.61, 29.5, 29.4, 29.3 3, 29.27, 29.25, 29.23, 29.19, 

29.11, 29.07, 28.5, 26.92, 26.89, 26.88, 26.79 (22 x  C112); HRMS (FAB, 3-NOBA 
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matrix): m/z = 1778.9147 [(M+H)] (anal. calcd for 12C 108 13CHN0±: m/z = 

1778.9 148). 

121-( 1,7,1 4,20-Tetraaza-2,6, 15,1 9-tetraoxo-3,5,9,l 2,16,18,22,25-
tetrabenzocyclohexacosane)-EN,N'-biS( 12- {[4-(22-diphenylethylamino)-4-
oxobutanoylJamino} dodecyl)- 1,6,7,1 2-tetra(4-terl-butylphenoxy)-perYlefle-
3,4,9,10-tetracarboxylic diimidel-rotaxane (18) 

and 

I31_Bis(1,7,14,2O-tetraaza-2,6,1 5,19-tetraoxo-3,5,9,1 2,16,18,22,25-
tetrabenzocyclohexacosane)-[N,N'-biS(I 2- { 4_(2,2dipheny1ethyIamino)-4-
oxobutanoyI1aminododecy1)-1 ,6,7,12-tetra(4-tert-butylphenoxy)-perylefle-
3,4,9,10-tetracarboxylic diimidej-rotaxane (19) 
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Solutions of isophthaloyl dichloride (77.5 mg, 0.382 mmol) in chloroform (5 mL) and 

p-xylylenediamine (52.0 mg, 0.382 mmol) with triethylamine (55.5 tIL, 0.763 mmol) 

in chloroform (10 mL) were simultaneously added using motor-driven syringe pumps 

over 4 h to a solution of thread 23 (91.0 mg, 0.0477 mmol) in chloroform (10 mL). 

Following addition, the mixture was allowed to stir for a further 16 h before removal 

of the pale pink precipitate by filtration. The resulting filtrate was concentrated under 

reduced pressure and the crude product purified by preparative TLC (Si02; 

methanollacetone/dichloromethane, 1:14:85) to afford, in order of elution: 

[3]rotaxane 19 as a purple solid (17 mg, 12%); mp 158-160 °C; 'H NMR (400 MHz, 

CDC13): ö = 8.36 (s, 4H, Hc), 8.21 (s, 4H, Hk), 8.17 (dd, J = 7.8 Hz and J = 1.0 Hz, 
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8H, HB), 7.61-7.52 (m, 12H, HA & HD), 7.31-7.13 (m, 28H, Hm & Hph), 7.00 (s, 16H, 

HF), 6.81 (d,J = 8.7 Hz, 8H, Hi),  6.02 (t,J = 5.4 Hz, 2H, 1-It), 5.92 (t,J=4.8 Hz, 2H, 

Hj), 4.47 (d, J= 5.1 Hz, 16H, HE), 4.08-4.04 (m, 6H, 1-Li  & 1-1), 3.69 (dd, J = 7.7 Hz 

and J= 5.6 Hz, 4H, H,,), 2.99 (q, J = 6.5 Hz, 4H, Hg), 1.60 (br s, 4H, H), 1.43-1.37 

(m, 4H, Hh), 1.33-1.19 (m, 68H, H & alkyl CH2), 0.96 (s, 8H, Hd & He); ' 3C NMR 

(100 MHz, CDC13): 6 = 172.9 (succinamide CO), 172.7 (succinamide C=O), 166.4 

(macrocycle C=O), 163.4 (imide C0), 155.9 (perylene ArC q), 152.8 (ArC qO-

perylene), 147.2 (ArCqC(CH3)3), 141.4 (phenyl ArC q), 137.8 (xylyl ArCq), 133.8 

(isophthaloyl ArC q), 132.8 (perylene ArC q), 131.6 (ArCH 8), 129.2 (ArCHA), 129.1 

(ArCHF), 128.9 (phenyl ArCH), 127.8 (phenyl ArCH), 127.2 (phenyl ArCH), 126.6 

(ArCHm), 123.9 (Ai€Hc), 122.4 (perylene ArC q), 120.5 (perylene ArC q), 119.8 

(ArCHk), 119.4 (perylene ArC q), 119.3 (ArCHi), 50.5 (CHa), 44.2 (CH2(b)), 43.9 

(CH2(ii)), 40.6 (CH2(/)), 39.9 (CH2(g)), 34.3 (Cq(CH3)3), 31.4 (CH3), 29.7 (CH2), 29.6 

(CH2), 29.52 (CH2), 29.47 (CH2), 29.4 (CH2), 29.32 (CH 2), 29.29 (CH2), 29.2 (CH2), 

28.1 (CH2), 27.1 (CH2), 26.9 (CH2), 26.5 (CH2); HRMS (FAB, 3-NOBA matrix): m/z 

2441.2897 [(M+H)] (anal. calcd for 12 C 155 13CH171N,0016: m/z = 2441.2908); 

[2]rotaxane 18 as a purple solid (38 mg, 33%); mp 146-148 °C; 'H NMR (400 MHz, 

CDC13): ö = 8.38 (s, 2H, HC), 8.22 (s, 2H, H0), 8.21 (s, 2H, I-Ik).  8.17 (d, J = 7.8 Hz, 

4H, HB).  7.61-7.57 (m, 6H, HA & HD), 7.31-7.13 (m, 28H, Hm & Hq  & Hp,), 7.00 (s, 

8H, Hp), 6.82 (d, J = 8.7 Hz, 8H, H, & He), 6.07-6.01 (m, 2H, H & Hj), 5.98 (t, J = 

5.7 Hz, 1H, He), 5.91 (t, J = 5.4 Hz, IH, H), 4.52-4.43 (m, 8H, HE), 4.15 (t, J= 8.0 

Hz, 1H, Hab),  4.11-4.04 (m, 5H, Ha  & H1  & H5), 3.86 (dd, J = 7.9 Hz and J = 5.8 Hz, 

2H, Haa), 3.68 (dd, J = 8.3 Hz and J = 5.9 Hz, 2H, Hb),  3.14 (q, J = 6.8 Hz, 2H, Hg), 

3.00 (q, J6.9 Hz, 2H, Hg), 2.35 (s, 4H, FI & Hr), 1.69-1.60 (m, 4H, Hj  & H,), 1.46 

1.37 (m, 414, H,, & Ha), 1.33-1.22 (m, 68H, H,, & Hr & alkyl CH2), 0.96 (s, 4H, Hd& 

He); ' 3C NMR (100 MHz, CDC13): 6 = 172.9 (succinamide CO), 172.7 (succinamide 

C0), 172.2 (succinamide CO), 171.9 (succinamide CO), 166.4 (macrocycle 

C=O), 163.4 (2 x  imide C=O), 155.91 (perylene ArC q), 155.88 (perylene ArC q), 

152.82 (ArC qO—perylene), 152.81 (ArC qO_perylene), 147.2 (2 x  ArCqC(CH3)3), 

141.8 (phenyl ArC q), 141.4 (phenyl ArC q), 137.7 (xylyl ArC q), 133.8 (isophthaloyl 

ArCq), 132.8 (2 x  perylene ArCq), 131.6 (ArCH8), 129.2 (ArCH A ), 129.1 (ArCHF), 

128.9 (phenyl ArCH), 128.7 (phenyl ArCH), 128.0 (phenyl ArCH), 127.8 (phenyl 

ArCH), 127.2 (phenyl ArCH), 126.8 (phenyl ArCH), 126.6 (ArCH m  & ArCHq), 123.9 
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(ArCHc), 122.42 (perylene ArC q), 122.38 (perylene ArC q), 120.5 (perylene ArC q), 

120.4 (perylene ArC q), 119.83 (ArCH(k oro)), 119.81 (ArCH (k 0)), 119.4 (2 x perylene 

ArCq), 119.29 (A1CH(l or p)), 119.28 (ArCH( / or p)), 50.6 (CFIa5), 50.5 (CH,,,), 44.2 

(CH2(b)), 43.9 (CH), 43.8 (CH2()), 40.6 (CH2(j) & CH2 ()), 39.8 (CH2 )), 39.6 

(CH2(v)), 34.3 (2 x  Cq(CH3 )3), 31.8 (CH2(XOry)), 31.7 (CH2(xory)), 31.4 (2 X CH3), 29.7, 

29.6, 29.51, 29.48, 29.4, 29.29, 29.26, 29.2, 28.1, 27.1, 26.9 (22 x  CH2); HRMS 

(FAB, 3-NOBA matrix): m/z = 2973.5083 [(M+H)] (anal. calcd for 

12 	13 	 ± Cg7 CH1N14020 .
. m i

hz - 2973.5019). 

[2J-( 1,7,1 4,20-Tetraaza-2,6, 15,1 9-tetraoxo-9, I 2,22,25-dibenzo-3,5,1 6,1 8-dilS-
pyridyll cyclohexacosane)- IN-(2,2-dipehnylethyl)-N'-( 12- { 14-(22-
diphenylethylamino)-4-oxobutanoyllamino}dOdeCYl)-flaPhthalefle-1 ,4,5,8-
tetracarboxylic dilmide j-rotaxane (24) 

C 4B.0  

 0 f 

bg 	

0 Ph 0 

N 	 24 

Solutions of freshly prepared pyridine-3,5-dicarbonyl dichloride (303 mg, 1.49 mmol) 

in chloroform (8 mL) and p-xylylenediamine (202 mg, 1.49 mmol) with triethylamine 

(417 p.L, 2.98 mmol) in chloroform (8 mL) were simultaneously added using motor-

driven syringe pumps over 4 h to a solution of thread 20 (169 mg, 0.186 mmol) in 

chloroform (20 mL). Following addition, the mixture was allowed to stir for a further 

16 h before removal of the off-white precipitate by filtration. The resulting filtrate was 

diluted with chloroform (40 mL) and washed with hydrochloric acid (IN, 3 x  80 mL), 

sodium hydrogen carbonate (sat. aq ., 3 x  100 mL) and brine (sat., 100 mL). The 

organics were then dried (MgSO4) and evaporated to give a pale brown residue. This 

material was purified by flash chromatography (Si02; methanol/chloroform, 1:99 to 

3:97), then the product-containing material was washed repeatedly in cold toluene to 

remove all traces of the thread starting material, affording the [2]rotaxane 24 as a pale 

brown solid (93.0 mg, 35%); mp 143-146 °C; 'H NMR (400 MHz, CDCI3): 8 = 9.11 

(s, 4H, HA), 8.67-8.61 (m, 6H, FIB  & Hk & H1), 8.09 (s, IH, H e), 7.92 (s, 1H, H1), 7.57 

(s, 41-I, Hc), 7.31-7.12 (m, 2811, HE & Hph), 4.86 (d, J = 8.0 HZ, 2H, Hm), 4.77 (t, J 

Ph 
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7.5 Hz, IH, He). 4.56 (s, 8H, HD), 4.14-4.10 (m, 3H, Ha & Hi), 3.83 (br t, 2H, Hb), 

3.11 (d, J= 4.5 Hz, 2H, Hg), 1.71 (br s, 2H, H), 1.44-1.43 (m, 2H, Hh),  1.41-1.22 (m, 

161-1, alkyl CH2), 1.02 (s, 4H, Hd & He); ' 3C NMR (100 MHz, CDC13): ö = 173.6 

(succinamide C=O), 173.2 (succinamide C0), 163.7 (macrocycle C0), 162.7 (2 x 

imide C=O), 151.4 (ArCHA), 141.5 (phenyl ArC q), 141.2 (phenyl ArC q), 137.4 (xylyl 

ArCq). 131.6 (ArCHB), 130.9 (naphthalene ArCH), 130.8 (naphthalene ArCH), 129.6 

(ArCHE), 128.9 (phenyl ArCH), 128.5 (pyridyl ArC q), 128.4 (phenyl ArCH), 128.3 

(phenyl ArCH), 127.8 (phenyl ArCH), 127.2 (phenyl ArCH), 126.8 (phenyl ArCH), 

126.6 (2 x  naphthalene ArCq), 126.5 (naphthalene ArC q), 126.2 (naphthalene ArC q), 

50.6 (CHa), 48.6 (CH), 44.8 (CH2(m) ), 44.4 (CH), 44.1 (CH2(D)), 40.9 (CH2 U)), 39.8 

(CH2)), 29.5, 29.4, 29.3, 29.2, 28.0, 27.1 (12 x  CH2); HRMS (FAB, 3-NOBA 

matrix): m/z = 1444.6687 [(M+H)] (anal. calcd for 13 C87 12CH87N10016: m/z = 

1444.6640). 
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121 -(1,7,1 4,20-Tetraaza-2,6,1 5,1 9-tetraoxo-9,1 2,22,25-dibenzo-3,5,1 6,1 8-di 15-
pyridyll cyclohexacosane)-IN,N'-bis( 12- 14-(2,2-diphenylethylamino)-4-
oxobutanoylJaminol dodecyl)-1 ,6,7,1 2-tetra(4-tert-butytphenoxy)-peryIefle-
3,4,9,1 0-tetracarboxylic diimidel -rotaxane (25) 

and 

131 -Bis-( 1,7,1 4,20-tetraaza-2,6,1 5,1 9-tetraoxo-9, I 2,22,25-diberizo-3,5, 16,1 8-di 1 5-
pyridylj cyclohexacosane)-IN,N'-bis( 12- 14-(2,2-diphenylethylamino)-4-
oxobutanoyl]aminojdodecyl)-1 ,6,7,1 2-tetra(4-tert-butylphenoxy)-perylefle-
3,4,9,1 0-tetracarboxylic diimidej -rotaxane (26) 

aa Ph N 

0 1?  
_j H 

Ph 

Ph 
\ H H 

Solutions of freshly prepared pyridine-3,5-dicarbonyl dichloride (340 mg, 1.67 mmol) 

in chloroform (10 mL) and p-xylylenediamine (227 mg, 1.67 mmol) with 

triethylamine (468 pL, 3.34 mmol) in chloroform (10 mL) were simultaneously added 

using motor-driven syringe pumps over 4 h to a solution of thread 23 (265 mg, 

0.139 mmol) in chloroform (20 mL). Following addition, the mixture was allowed to 

stir for a further 16 h before removal of the pale pink precipitate by filtration. The 

resulting filtrate was concentrated under reduced pressure and the crude product 

purified by flash chromatography (Si02; methanol/dichioromethane, 2:98 to 5:95) to 

afford, in order of elution, impure [2]rotaxane and impure [3]rotaxane. The 

contaminating salts were removed by re-dissolving each sample in turn in chloroform 

(20 mL) and washing with hydrochloric acid (IN, 3 x  30 mL), sodium hydrogen 

carbonate (sat. aq ., 2 x  40 mL) and brine (sat., 40 mL) before drying (MgSO 4) the 
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organics and concentrating under reduced pressure. The resulting solids were further 

washed with hot diethylether and dried to give: 

[2]rotaxane 25 as a purple solid (236 mg, 37%); mp> 220 °C (decomp.); 'H NMR 

(400 MHz, CDC13): ö = 9.11 (s, 4H, HA),  8.71 (br s, 2H, H8), 8.21 (s, 2H, He), 8.20 (s, 

2H, I-Ik).  7.71 (br s, 4H, Hc), 7.60 (br s, IH, H e), 7.48 (br s, IH, H1), 7.31-7.13 (m, 

36H, HE & Hm & Fig  & Hph), 6.81 (d, J = 8.7 Hz, 8H, H1 & Hr), 5.98 (br t, 1H, Hi), 

5.91 (brt, 1H, H), 4.60-4.48 (m, 8H, HD),  4.15 (t,J= 8.0 Hz, IH, IIab), 4.10-4.04 (m, 

5H, I-L2  & H & I-la), 3.86 (dd, J = 7.9 Hz and J = 5.9 Hz, 2H, Haa), 3.77 (br dd, 2H, 

H,,), 3.15 (q,J = 6.7 Hz, 2H, Hp), 3.09-3.03 (m, 2H, H g), 2.36 (s, 4H, FI & Hr), 1.68 

1.59 (m, 4H, H 1  & H,), 1.44-1.40 (m, 4H, H,, & I-1), 1.33-1.20 (m, 68H, H & H,. & 

alkyl Cl2), 1.00 (s, 4H, Hd & H e); ' 3C NMR (100 MHz, CDC13): ö = 173.3 

(succinamide C0), 173.0 (succinamide C=O), 172.2 (succinamide C=O), 171.9 

(succinamide C0), 163.8 (macrocycle CO), 163.4 (2 x  imide C0), 155.91 

(perylene ArC q), 155.86 (perylene ArC q), 152.81 (ArC qO—perylene), 152.79 (ArC qO-

perylene), 151.7 (ArCH.4, 147.22 (ArCqC(CH3)3), 147.19 (ArCqC(CH3)3), 141.7 

(phenyl ArCq), 141.4 (phenyl ArC q), 137.4 (xylyl ArC q), 132.8 (2 x perylene ArC q), 

132.1 (ArCH,1), 129.5 (ArCHE), 128.9 (phenyl ArCH), 128.8 (pyridyl ArC q), 128.7 

(phenyl ArCH), 128.0 (phenyl ArCH), 127.7 (phenyl ArCH), 127.2 (phenyl ArCH), 

126.8 (phenyl ArCH), 126.6 (ArCFIm & ArCH q), 122.4 (perylene ArC q), 122.3 

(perylene ArCq), 120.5 (perylene ArC q), 120.4 (perylene ArC q), 119.8 (ArCHk & 

ArCHO), 119.4 (2 x  perylene ArC q), 119.29 (AfCH( l ocp))' 119.27 (ATCH(l orp)), 50.6 

(CH(a  or ab)), 50.5 (CH(,, or ab)), 44.03 (CH2(b)), 44.01 (CH2(D)), 43.8 (CH2 (aa)), 40.64 

(CH2(j ors)), 40.61 (CH2(jors)), 39.9 (CH2(g ), 39.7 (CHv), 34.3 (2 X Cq(CH3)3), 31.8 

(CH2(x or y)), 31.7 (CH2(xory)), 31.4(2 x  CH3), 29.52, 29.48, 29.4, 29.29, 29.27, 27.12, 

27.11, 26.9 (22 x  CH2); HRMS (FAB, 3-NOBA matrix): m/z = 2443.2880 [(M+H)] 

(anal. calcd for 12C 153 13CH 1 69N12016: m/z = 2443.2813); 

[3]rotaxane 26 as a purple solid (15.0 mg, 3.6%); mp> 200°C (decomp.); 'H NMR 

(400 MHz, 5:95 CD 30D/CDCI3): ö = 9.21 (br s, 8H, HA), 8.76 (s, 4H, HB), 8.19 (s, 

4H. Hk),  8.03 (br s, 8H, HC), 7.30-7.14 (m, 32H, H & H1& Hm & Hph), 7.07 (s, 16H, 

HE), 6.81 (d, J= 8.7 Hz, 8H, H,), 4.49 (d, J= 14.3 Hz, 8H, HD), 4.43 (d, J = 14.2 Hz, 

8H, HD'), 4.07-4.04 (m, 6H, Ha & Hi), 3.66-3.64 (m, 4H, H,,), 2.93 (br s, 4H, Hg), 

1.68-1.59 (m, 41-1, H), 1.42-1.36 (m, 4H, Hh),  1.34-1.20 (m, 68H, H & alkyl CH2), 

0.95 (s, 81-1, Id & He); ' 3C NMR (100 MHz, 5:95 CD30D/CDCI3): ö = 172.9 
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(succinamide CO), 172.7 (succinamide C=O), 164.7 (macrocycle C0), 163.4 

(imide C0), 155.8 (perylene ArC q), 152.7 (ArCqO-perylene), 151.0 (ArCHA), 147.2 

(ArCqC(CH3)3), 141.6 (phenyl ArC q), 137.2 (xylyl ArCq), 133.1 (ArCHB), 132.7 

(perylene ArC q), 129.1 (ArCHE), 128.9 (pyridyl ArC q). 128.7 (phenyl ArCH), 127.7 

(phenyl ArCH), 127.0 (phenyl ArCH), 126.5 (ArCHm), 122.2 (perylene ArC q), 120.4 

(perylene ArC q), 119.7 (ArCHk), 119.3 (perylene ArC q), 119.2 (ArCH1), 50.3 (CHa), 

44.0 (CH2(b)), 43.7 (CH2(D)), 40.6 (CH2(j)), 39.5 (CH2 (g)), 34.2 (Cq(CH3)3), 31.3 (CH3), 

29.44, 29.41, 29.2, 29.1, 28.0, 27.9, 27.0, 26.9 (12 x  CH2); HRMS (FAB, 3-NOBA 

matrix): nil,z = 2977.4906 [(M+H)] (anal. calcd for 12C 183 13CH 195N 1 8020: m/z 

2977.4829). 

5.10.2 Electrochemistry 

Materials 

All chemicals used were reagent grade. Tetrabutylanimonium hexafluorophosphate 

(TBHF, FLUKA) was used as supporting electrolyte as received. Tetrahydrofuran 

(LiChrosolv) was treated according to a procedure described e1sewhere. 150  For the 

electrochemical experiments, the solvent was distilled into the electrochemical cell, 

prior to use, by a trap-to-trap procedure. 

Instrumentation and measurements 

The one-compartment electrochemical cell was of airtight design, with high-vacuum 

glass stopcocks fitted with either Teflon or Kalrez (DuPont) 0-rings, in order to 

prevent contamination by grease. The connections to the high-vacuum line and to the 

Schlenck flask containing the solvent were made by spherical joints fitted with Kalrez 

0-rings. The pressure measured in the electrochemical cell prior to performing the 

trap-to-trap distillation of the solvent was typically 1.0 to 2.0 x 	mbar. The 

working electrode consisted either of a 0.6 mm diameter platinum wire (0.15 cm 2  

approximately) sealed in glass or platinum disc ultramicroelectrodes (with radii from 

5 to 62.5 .tm) also sealed in glass. The counter electrode consisted of a platinum spiral 

and the quasi-reference electrode was a silver spiral. The quasi-reference electrode 

drift was negligible for the time required by a single experiment. Both the counter and 

the reference electrode were separated from the working electrode by '-0.5 cm. 

Potentials were measured with the ferrocene or decamethylferrocene standards and 
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are always referred to saturated calomel electrode (SCE). E 1  values correspond to 

(E + Ea) / 2 from CV. Ferrocene (decamethylferrocene) was also used as an internal 

standard for checking the electrochemical reversibility of a redox couple. The 

temperature dependence of the relevant internal standard redox couple potential was 

measured with respect to SCE by a nonisothermal arrangement. 5 ' Voltammograms 

were recorded with an AMEL Model 552 potentiostat or a custom made fast 

potentiostat controlled by either an AMEL Model 568 function generator or an 

ELCHEMA Model FG-206F. Data acquisition was performed by a Nicolet Model 

3091 digital oscilloscope interfaced to a PC. Temperature control was accomplished 

within 0.1 °C with a Lauda thermostat. The minimization of ohmic drop was achieved 

through the positive feedback circuit implemented in the potentiostat. Digital 

simulations of cyclic voltammetric experiments were carried out by the DigiSim 3.0 

software from Bioanalytical Systems Inc. All the fitting parameters (see below) were 

chosen so as to obtain a visual best fit over a 102-103  -fold range of scan rates. 

Parameters obtained by the best fitting of CV curves of 1 

Table 5.2 Simulation parameters corresponding to the heterogeneous electron transfer processes of the 

square mechanism shown Figure 5.4. 

Parameters 	succ-I /succ-1 	ni-1/ni-V 

E 1 ,.2 1V 	 —1.41 	0.90(_1.00)u 

k°het/cms 	 10 	 0.02 

CE 	 0.5 	 0.5 

D /cm 2 s' 	 ixiO 	 1x10 

aAt2l3 K. 

Table 5.3 Simulation parameters corresponding to the translational isomerizations of the square 

mechanism shown in Figure 5.4. 

Reaction 	Parameters 298 K 213 K 

k?/s 0.002 0.001 

succ-1 	ni-i 	kb' 1s' 1664 17 

Kn  1.2xl0 6x10_5a 

Ic? 	/s- ' 2x10 I 

succ-1' 	ni-1 	kb' 	/s 40 0.002 

Kred 500 500" 

Values not optimised. 
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Supplementary cyclic voltammetry studies 

Additional cyclic voltammograms illustrating the effect of scan rate and of 

temperature on the electrochemical response of compounds 1, 2, 6, 7 and 8 follow 

below. 
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Figure 5.13 Cyclic voltammograms at 298 K of I at v = 0.05 V s '  (black line): 0.2 V s (green line); 
I V s' (blue line) and 2 at v = I V s' (red line), 1 mmol L' in anhydrous THF with TBHF (5 x  10 2  

mol U') as supporting electrolyte and ferrocene as internal standard. Working electrode: Pt. 
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Figure 5.14 Cyclic voltammogram at 218 K of 6 at v = 0.05 V s ', I mmol U' in anhydrous THF with 
TBHF (5 x  10 mol L') as supporting electrolyte and ferrocene as internal standard. Working 
electrode: Pt. 
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Figure 5.15 Cyclic voltammograms of 0.5 mmol L 8 (black lines) or 7 (red line) in anhydrous DMF 
with tetraethylammonium hexafluorophosphate (5 >< 10 2  mol L') as supporting electrolyte and 
ferrocene as internal standard. (a) T= 298 K, v = 5 V s 1(8,  black line) and I V s '(7. red line). (b) T= 
223 K, v = I V s '(dashed line) and 5 V s' (solid line). 
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5.10.3 Eyring plot for the variation of shuttling rates with temperature 

61 
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0.0032 0.0036 	0.004 	0.0044 0.0048 
T/K 

Figure 5.16 Eyring plot analysis of shuttling rates over a range of temperatures. 

5.10.4 Crystallography 

Crystallographic data for 3 and 4 (excluding structure factors) have been deposited 

with the Cambridge Crystallographic Data Centre as supplementary publication 

numbers CCDC-157381 (3) and CCDC-190628 (4). Copies of the data can be 

obtained free of charge via www.ccdc.cam.ac.ukldata_requesticif or on application to 

The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (tel.: (+44)1443-

336-408; fax: (+44)1223-336-033; e-mail: teched@chemcrys.cam.ac.uk).  
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Abstract: A series of [2]rotaxanes containing succinamide and naphthalimide hydrogen-bonding stations 

for a benzylic amide macrocycle is described. Electrochemical reduction and oxidation of the naphthalimide 

group alters its ability to form hydrogen bonds to the macrocycle to such a degree that redox processes 

can be used to switch the relative macrocycle-binding affinities of the two stations in a rotaxane by over 8 

orders of magnitude. The structure of the neutral [2]rotaxane in solution is established by 
14 NMR 

spectroscopy and shows that the macrocycle exhibits remarkable positional integrity for the succinamide 

station in a variety of solvents. Cyclic voltammetry experiments allow the simultaneous stimulation and 

observation of a redox-induced dynamic process in the rotaxane which is both reversible and cyclable. 

Model compounds in which various conformational and co-conformational changes are prohibited 

demonstrate unequivocally that the redox response is the result of shuttling of the macrocycle between the 

two stations. At room temperature in tetrahydrofuran the electrochemically induced movement of the 

macrocyde between the two stations takes --50 ps. 

Introduction 

Natural' and artificia1 2  devices that function through me-

chanical motion at the molecular level require a nanoscale 

structure that restricts the freedom of movement of the various 

components coupled with a process—usually chemical —to power 

and control their motions. For the design of prototypical 

synthetic systems, chemists have taken inspiration from the 

structural elements of machinery from the macroscopic world . 3  

Taking this analogy too far in terms of process must be 

cautioned, however, since the modes of action for useful 

movement at the molecular and macroscopic levels are very 

different. In the macroscopic world, objects do not move until 

provided with specific energy to do so. In a mechanical machine, 

this is often through a directional stimulus (i.e., when work is 

done to move components in a particular way). At the molecular 

University of Edinburgh. 
Univcrsità degli Studi di Bologna. 

§ University of St. Andrews. 
Molecular Motors; Schliwa, M., Ed; Wiley-VCH: Weinheim. 2003. 
With the notable exception of liquid crystals, the first artificial devices 
Mat rely on mechanical motion at the molecular level for a practical function 
are the catenanes and rolaxanes used to configure the remarkable solid-
state switches and logic gates developed by Stoddart and Heath. (a) Collier. 
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Stoddart,J. F. J_ Am. Chem. Soc. 2001, 123, 12632-12641.(d)Luo,Y.; 
Collier, C. P.; Jeppesen, J. 0.; Nielsen, K. A.; Delonno, E.; Ho, 0.; Perkins, 
I.; Tseng, H.-R.; Yamamoto, T.; Stoddart, J. F.; Heath, J. R. Chem. Phys. 
(hem. 2002, 3, 519-525. 

level, molecules—and their parts—are constantly moving above 

0 K and it is the directional control of this motion which Nature 

uses to perform useful mechanical tasks.' 

'Molecular shuttles' provide a promising basis for artificial 

molecular machines. Various types of rotaxane4  structures permit 

large amplitude, largely independent, motions of the mechani-

cally interlocked components, and the noncovalent bond-directed 

routes to their synthesis offer a process for controlling the 

relative positioning of the components through the interactions 

that 'live on' in the final products. 5  In a rotaxane with two 

different binding sites ('stations') in the thread, the macrocycle 

distributes itself between the stations according to the difference 

in the macrocycle-binding energies and the temperature. If a 

suitably large difference in macrecycle affinity between the two 

stations exists, the macrecycle resides overwhelmingly in one 

(3) See, for example, analogic molecular versions of gears: (a) Iwamura, H.; 
Mislow. K. Acc. Chem. Res. 1988, 21, 175-182. Turnstiles: (b) Bedard, 
T. C.; Moore, J. S. f. '(in. Chem. Soc. 1995, 117. 10662-10671. Brakes: 
(c) Kelly. T. R.; Bowyer, M. C.; I3haskar. K. V.; Bebbinglon. 1).; Garcia, 
A.; Lang, F.; Kim, M. H.; Jette, M. P. J. Am. Chem. Soc. 1994, 116, 3657– 
3658. Ratchets: (d) Kelly. T. R.; Tellitu, I.; Sestelo, J. P. Angew. Chem.. 
Mt. Ed. Engl. 1"7,36,1866-1868. (e) Kelly, T. R.; Sestelo, J. P.; Tellitu, 

J. Org. Chem. 1998, 63, 3655-3665. Rotors: (f) Schoevaars, A. M.; 
Kruizinga, W.; Zijlstra, R. W. J.; Veldnian, N.; Spek, A. L.; Feringa, B. L 

Org. Chem. 1997, 62, 4943-4948. Unidirectional spinning motors: (g) 
Kelly, T. R.; Dc Silva, H.; Silva, R. A. Nature 1999, 401, 150-152. (h) 
Koumura. N.; Zijlstra, R. W. 3.; van Dekien, R. A.; Harada N.; Feringa, 
B. L. Nature 1999,401, 152-155. (i) Kelly. T. It.; Silva, R. A.; Dc Silva, 
H.; Jasmin, S.; Zhao, Y. J. Am. Chem. Soc. 2000, 122, 6935-6949. (j) 
Koumura, N. L.; Geerisema, E. M.; van Gelder, M. B.; Meetsma, A.; 
Feringa, B. L. J. Am. Chem. Soc. 2002. 124, 5037-5051. 

(4) Molecular Catenanes. Rotaxanes and Knots; Sauvage, 3.-P.. Dietrich-
Buchecker, C., Eds.; Wiley-VCIl: Weinheim, 1999. 
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positional isomer or co-conformation. 6  In stimuli-responsive 
molecular shuttles,7- 11 an external trigger is used to chemically 
modify the system and alter the noncovalent intercomponent 

interactions such that the second macrocycle-binding site 

becomes energetically more favored causing translocation of 
the macrocycle along the thread to the second station (Figure 
I). The system can be returned to its original state by using a 
second chemical transformation to restore the initial order of 
station binding affinities. Performed consecutively, these two 

steps allow the 'machine' to carry out a complete cycle of 
shuttling motion. The movement of the macrocycle from station 
to station is thus caused by using chemical reactions to put the 

molecule into nonequilibrium co-conformations and then al-

lowing the background thermal energy to drive the macrocycle 

to the new global minimum (i.e., through biased Brownian 
motion). 

(5) For reviews on the development of interlocked molecules as molecular 
machines, see: (a) Balzani, V.; GOmez-López, M.; Sloddart, J. F. Acc. 
Chem. Res, 199$, 31. 405-414. (b) Sauvage, J.-P. 4cc. Chem, Res. 1998, 
31,611-619, (c)Chambron, .1-C.; Sauvage, 3.-P. Chem, Eur. J. 1998. 4. 
1362-1366. (d) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J. F. 
Angew. Chem., in!. Ed. 2000, 39. 3348-3391. (e) Asfss-i, Z.: Vicens, J. J 
Inclusion Phenom. Macro. Chem. 2000, 36. 103-118. (f) Pease, A. R.; 
Jeppesen, J. 0.: Stoddart, J. F.; Luo. V.. Collier, C. P.; Heath, I. R. Acc. 
Chem. Res. 2001, 34. 433-444. (g) Ilallardini. R.; Balzani, V.; Credi, A.; 
Gandolfi, M. 1.; Venturi, M. Ace. Chem, Rev. 2001, 34. 445-455. (h) 
Collin, 1.-P.; Dietrich-Bucheckcr, C.; Gaviña, P.; Jimenez-Molero. M. C.; 
Sauvage, 1.-P. Ace. ('hem. Res. 2001, 34,477-487. (I) Molecular Machines 
and Motors: Structure and Bonding; Sauvage, 1.-P., Ed.; Springer: Berlin, 
2001;VoI. 99. (j) Venturi, M.; Credi, A.; Balzani, V. Molecular Devices 
and Machines-A Journey into the Nanoworid, WI ley-VCH: Weinheim, 
2003. 

(6) "Co-conformation" refers to the relative positions of the mechanically 
interlocked components with respect to each other, see: Fyfe, M. C. T.; 
Glmk, P. 1.; Menzer. S.; Stoddart, J. F.; White, A. J. P.; Williams, D. J. 
Angew. ('hem., he. Ed Engl. 1997, 36, 2068-2070. Energy differences 
between two translational isomers or co-conformations of greater than 1 .18 
kcal mol - imply >90% station occupancy for the more favored site at 
298 K. 

(7) For examples of chemically responsive molecular shuttles, see: (a) Lane, 
A. S,Leigh, D. A.; Murphy, A. J. Am. Chem. Soc. 1997 119 11092- 
11093. (b) Martinez-Diaz, M.-V.; Spencer, N.; Stoddart, J. F. Angus. Chem., 
In,. Ed. Dig!, 1"7, 36, 1904-1907. (c) Gong, C.; Gibson, H. W. Angew. 
Chem., he. Ed. Engl. 1997, 36. 2331-2333. (d) Ashton. P. R.; Ballardini, 
R.; Balzani, V.; Baxter, 1.; Credi, A.; Fyfe, M. C. 1.; Gandolfi, M. T.; 
Gómez-Lopez, M.: Martinez-Diaz, M.-V.; Piersanti. A.; Spencer, N.; 
Stoddart, J. F.; Venturi, M.; White, A. J. P.; Williams, D. I. J. .4m. Chem. 
Soc. 1998, 120, 11932-11942. (e) iimënez, M. C.; Dietrich-Buchecker, 
C.; Sauvage, i-P Angew. Chem., In!. Ed. 2000, 39, 3284-3287. (1) Lee. i. 
W.; Kim, K.; Kim, K. C/tern, Commun. 2001, 1042-1043. (g) Elizarov, 
A. M.; Chiu, S.-H.; Stoddart, J. F. J. Org. Chem. 2002, 67, 9175-9181. 
(Ii) Jimenez-Molem, M. C.; Dietrich-Buchecker. C.; Sausage, 1.-P. Chem . 
Ear. J. 2002, 8,1456-1466. (I) Da Ross, 1.; Guldi, D. M.; Farran Morales, 
A.; Leigh, D. A.; Prato, M.; Turco, R. Org . I.e/i. 2003, 5, 689-691. (j) 
Tseng. H.-R.; Vignon, S. A.; Stoddart, J. F. Angew. ('hem., In!. Ed. 2001 
42, 1491-1495. 

(8) For examples of photochemically responsive molecular shuttles, see: Ia) 
Benniston, A. C. Chem. Soc. Ret 1996, 25, 427-435. (b) Murakami. H.; 
Kawabuchi, A.; Kotoo. K.; Kunitake. M.; Nakashima, N. J. Am. Chem. 
Soc. 1"7, 119. 7605-7606. (c) Blanco, M.-J.; iiménez. M. C.: Chambron, 
3.-C.; Hertz, V.; Linke, M.: Sauvage, J.-P Chem. Soc. Rev, 1999,28,293-
305. (d) Ashton, P. R.; Ballardinj, R.; Balzani, V.: Credi, A.; Dress, K. R.; 
Ishow, E.: Kleverlaan, C. 1.; Kocian, 0.: Preece, i....'  Spencer. N.; Stoddart, 
J. F.. Venturi, M.: Wenger, S. Chem. Eur. .5 2000, 6, 3558-3574. (e) 
Wurpel, G. W. H.; Brouwer, A. M.; van Stokkum, I. H. M.; Farran, A.; 
Leigh, D. A.i Am. ('hem. Soc. 2001. /23, 11327 - 11328.(1) Brouwer, A. 
M.; Frochot, C.: Gatti, F. G.: Leigh, D. A.; Mother, L.; Paolucci. F.; Roffia, 
S.; Wurpel, G. W. H. Science 2001, 291. 2124-2128. g) Stanier, C. A.; 
Alderman, S. 1.: Claridge, T. D. W.; Anderson, H. I.. .4ngc-ss'. Chem., mt. 
Ed 2002, 41. 1769-1772. (h) Altieri, A.; Rattan, G.; Dehez. F.; Leigh, 
D. A.; Wang, J. K. V.: Zerbeno, F. Angew. C/tern., ml. Ed. 2003, 42, in 
press. 

(9) For examples of electrochemically responsive molecular shuttles. see ref 
8a and the following: (a) Bissell, It A.; Côrdova, E.; Kai ter, A. E.; Stoddart, 
J. F. Nature 1994, 369. 133-136. (h) Anelli, P..L.; Asakawa, M.;Ashton. 
P. R.; Rissell, R. A.; Clavier, (; GOrski, R.; Kaifer, A. F.: Langford, S. 
1.; Mallersteig, G.: Mcnzer. S.: Philp. 0.; Slawin, A. M. 5.; Spencer, N.; 
Stoddart, J. F.; Tolley, M. S.; Williams, DJ. Chem. Ear. .1. 1997,3, 1113-
1135. (c) Collin, J.-P.; Gaviha, P.; Sauvage, 1.-P. NewJ. Chem. 1"7, 21, 
525-528. (d) Annaroli, N.: Balzani, V.; Collin, 5.-P.; Gaviha. P.; Sauvage, 
1.-P.; Ventura, B. J. Am. ('hem, Sot'. 1999, /21,4397-4408, (c) Ballardini. 
It; Baizani, V.; Dehaca, W.; Delf'Erba, A. E.; Raymo, F. M.; Stoddart, J. 
F.; Venturi. M. Ear. .5 Org. Chem. 2000. 591-602. 

(ill) 

Station binding affinity order _- > 	> 

Figure 1. Translational submolccuiar motion in a stimuli-responsive 
molecular shuttle: (t) the macrocycic initially resides on the preferred (green) 
station; (ii) a reaction occurs (red - blue) changing the relative binding 
potentials of the two stations such that (iii) the macrocycle 'shuttles' to the 
now-preferred (blue) station. If the reverse reaction (blue -  red) now occurs. 
(iv) the components return to their original positions. The energy available 
to do mechanical work through shuttling in such a cycle is the sum of the 
difference in macrocycle binding energies of the two stations in each of 
the two stales (i.e., + 

We recently reported the real-time observation of macrocycle 
translocation in such a stimuli-responsive molecular shuttle 
following the photochemically induced reduction of the naph-
thalimide unit in rotaxane I.. In fact, we originally designed I 
as an electrochemically switchable system.' 2  Electrochemistry 
is potentially an attractive method through which to modulate 
the behavior of molecular devices because it can be easily and 
rapidly turned on and off while also offering a reagent and 
waste-free procedure. Obviously, an important attribute of any 
'molecular machine' is that for the submolecular motion to be 
useful it must be detectable through some change in the system's 

(10) For examples of the use of electrical and electrochemical stimuli to control 
ring rotation in catenanes, catenates, and rotaxanes. see: (a) Amabilino, 
D. B.; Dietrich-Buchecker, C. 0.; Livoreil, A.: Perez-Garcia, L.; Sauvage, 
1.-P.; Stoddart, 1, F. J. Am. Chem. Soc. 1996, 1/h. 3905-3913. (b) Chrdenas, 
D. 1.; Livoreil, A.; Sausage, 1.-P. J. Am, Chem, Sac, 1996, 118, 11980-
11981. (c) Livoisil, A.; Sauvage, 3.-P.: Armaroli, N.; Balzani, V.; Flamigni, 

Ventura, B. J. Am. Chem. Soc. 1997, 119, 12114-12124. (d) Asakawa, 
Ashton, P. R.; l3alzani, V.; Credi, A.: Harriers. C.; Mattersteig, G.; 

Montaltu, M.; Shipway, A. N.; Spencer, N.; Stoddart, J. F.; Tolley, M. S.; 
Venturi, M.; White, A. J. P.; Williams, D. J. Ange'w. Chem,. mt. Ed. Engl. 
1"8, 37, 333-337. (e) Raehm, 1.; Kern. J.-M.; Sauvage, 1.-P. C/tern, Eur. 
J. 1999, 5. 3310-3317. (I) Collier, C. P.; Mattersteig, G.: Wong, E. W.; 
Luo, Y.; Beverly, K.; Sampaio, 1.; Raymo, F. M.; Stoddart, J. F.; Heath. J. 
R. Science 2000, 289. 1172-1175. (g) Asakawa, M.; Higuchi, M.; 
Mattersteig. G.: Nakamura, T.; Pease, R.; Raymo, F. M.; Shimizu, T.; 
Stoddart, J. F. Adv, Mater. 2000, 12. 1099-1102, (h) Bermudez, V.; 
Capron, N.; Gase, 1.; Gatti, F. G.; Kajzar, F.; Leigh, D. A.; Zerbetto, F.: 
Zhang, S. Nature 2000. 406, 608-611. (I) Ashton. P. R,; Baldoni, V.; 
Balzani, V.; Credi. A.; Hoffmann, H. D. A.; Martinez. Diaz. M.... '  Raymo, 
F. M.: Stoddart, J. F.; Venturi, M. C/tern. Ear. .1. 2001, 7, 3482-3493. 

(11) For examples of the use of electrochemical stimuli to control threading 
and dethreading in pseudorotaxanes and other host-guest systems, see: 
(a) Bernardo. A. R.; Stoddart, J. F,; Kaifer. A. E..5. Am. Chem. Soc. 1992, 
114, 10624-10631. (b) Collin. J.-P.; Gaviha, P.; Sauvage. 3.-P. C/tern, 
Cornmun. 1996, 2005-2006. (c) Asalrawa, M.; Ashton, P. R.; Baizani. V.; 
Creda, A.; Mattersteig, G.; Matthews, 0. A.; Montalti, M.; Spencer, N.: 
Stoddart, J. F.; Venturi, M. ('hem, Ear. J. 1997, 3, 1992-1996, (d) 
Devonport. W.; Blower. M. A.; Bryce, M. R.; Goldenberg, L. M. J. Org. 
Chem. 1997, 62, 885-887. (e) Credi, A.; Montalti. M.: Balzani, V. 
Langford, S. 3.; Raymo, F. M.: Stoddart, J. F. Ness J. Chem. 1998, 22. 
1061 -1065. (1) Asakawa, M.; Ashton, P. R.; BaLrani, V.: Boyd, S. E.; 
Credi, A.; Manersteig, G.; Menzer, S.; Montalti, M.: Raymo. F. M.: Ruflilli, 
C.; Stoddart, J. F.; Venturi, M. Williams, D. J. Eur. J. Org. Chem. 1999, 
985-994. (g) Ashton, P. R.; Balzani, V.; Becher, 1.; Credi, A.; Fyt'e. M. 
C. T.; Matterstetg, G.; Menzer, S.; Nielsen. M. B.; Raymo, F. M.; Stoddart, 
J. F.; Venturi, M,; Williams, D. 3.). Am. Chem. Soc. 1999, 13/, 3951- 
3957. (h) Cooke, G.; Duclairoir, F. M. A.; Rotello. V. M.; Stoddart, J. F. 
Tetrahedron Let!. 2000, 41, 8163-8166. (I) Balzani, V.; Credi, A.; 
Matleisteig, G.; Matthews, 0. A.; Raymo, F. M.; Stoddart, J. F.: Venturi, 
M.; White, A. J. P.; Williams, 0.1..!. Org, Chem. 2000. 65, 1924-1936. 
(j) Balsam, V.; Becher, 3.; CresS, A.; Nielsen, M. 13,; Raymo, F. M.; 
Stoddart, J. F.; Talarico, A. M.: Venturi, M. J. Org. C/tern. 2000. 65, 1947-
1956. (k) Lahav. M.; Shipway, A. N.; Willner, 1.; Nielsen, M. B.: Stoddart, 
J. F. J. E/ec:roanal. (hem, 2000, 42, 2 17-221. 

(12) Earlier attempts to make redox-active hydrogen-bonded molecular shuttles 
based on anthraquinone subunits were unsuccessful (1)unnett, J. A. Ph.D. 
Thesis, University of Manchester Institute of Science and Technology, U.K.. 
2000). 
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Chart 1. Molecular Shuttle I Shown as the suco-1 Positional 
Isomer, and Thread 21 

A 
j/B 

E. - 

6u 

Ph HC 	0 	2 	 01 	1 

t-Bu 

The letters indicate selected nonequivalent 'H environments. 

properties. Electrochemistry is also advantageous in this regard 
since the same stimulus can simultaneously act as both effector 

and detector of the motion. 
Here we report the cyclic voltammetry of I and a series of 

related rotaxanes and threads. The rates and energies obtained 
from the electrochemical redox experiments are consistent with 

those obtained photochemically. The spectroscopic and elec-

trochemical behavior of key model compounds is used to show 
unambiguously that the dynamics observed is a consequence 

of the position of the macrecycle on the thread changing upon 

reduction of the naphthalimide unit. 

Design 

Hydrogen bonds are largely electrostatic in nature.' 3  so 

changes in the electron charge density of a hydrogen-bonding 

group can have a dramatic effect on its binding ability—a 
phenomenon exploited in redox-switched molecular recogni-

tion 14  and the modulation of protein and peptide structure. 15  

Molecular shuttle 1 consists of a benzylic amide macrocycle 

a strong hydrogen-bond donor through the amide NH groups —

mechanically linked onto a thread molecule, 2, containing two 
potential hydrogen-bond acceptor moieties—a succinamide 

(succ) station and a redox-active 3,6-di-teri-butyl-1 ,8-naphthal-

imidet 6  (ni) station —separated by a C12 aliphatic spacer (Chart 

Morokurna, K. Ace. C/arm, Ret. 1977, 10, 294-300. 
See, for example: (a) Brook.sby, P. A.; Hunter, C. A.; McQuillan, A. J.; 
Purvis, D. II.; Rowan, A. E. Shannon, R. J.; Walsh, R. Angew. Chem.. 
in,, Ed EngI. 1994, 33, 2489-2491. (b) Ge, Y.; Lilienthal, R.; Smith. D. 
K. J. Am. Chem, Soc. 1996, 118, 3976-3977. (C) Deans, R.; Niemz, A.; 
Breinlmger, E. C.: Rotello, V. M. J. Am. Chem. Soc. 1997, 119, 10863-
10864. (d) Boulas. P. L.; Gómez-Kaifer, M.: Echegoyen, L. Angew. Chem.. 
ins. Ed. EngI. 1998,37,216-247. (e) Niemz, A.; Rotello, V. M. Acc. Chem. 
Res. 1999, 32, 44-52. (I) Hoal. A. K.; Rotello, V. M. J. Am. Chem. Soc. 
1999, /21,4914-4915. (g) Ge, V.; Miller, L.; Ouimet, T.; Smith, D. K J. 
Org. Chem. 2000, 65, 8831-8838. (h) Ge, V.; Smith, D. K. Anal. Chem. 
2000, 72, 1860-1865. (I) Can. J. 0.; Coles, S. J.; Hursthouse, M. B.; Light, 
M. E.; Tucker, J. H. R.; Westwood, J. Angew. Chem., ml. Ed 2000, 39. 
3296-3299. (j)  Tucker, J. H. R.; Collinson, S. R. Chem. Soc. Rev. 2002, 
31, 147-156. (k) Cooke, G.; Rotello, V. Ni Chem. Soc. Rev. 2002, 31, 
275-286. 
See, for example: (a) Schenck, H. L.; Dado, G. P.; Gellman, S. H. J. Am. 
Chem. Soc. 1996, 118, 12487-12494. (b) Paseher, 1.; Chesick, J. P.; 
Winkler, J. R.; Gray, H. B. Science 1996, 271, 1558-1560. 
The lert-butyl substituents provide the stenc bulk necessary to stopper the 
rotaxane while only slightly altering the redox potential of the naphthalimide 
group (Ei '(2)= -1.41 V cf.E, (N-methyl naphthalimide) = -1.31 V): 
Viehbeck, A.; Goldberg, M. 3.; Kovac, C. A. J. Elecirochem. Soc. 1990, 
/37. 1460-1446. 
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Figure 2. X-ray crystal structure of [2]rotaxane 3 (for clarity carbon atoms 
of the macrecycle arc shown in blue and the carbon atoms of the thread 
are shown in yellow; oxygen atoms are depicted in red, nitrogen atoms in 
dark blue, and amide protons in white). Intramolecular hydrogen-bond 
distances (A): 01 -F1N3/02-HN5 1.88. Intermolecular hydrogen-bond 
distances (A): 05-HN4'/ 03'-HN6 2.0, 03'-HNI/05-HN2' 2.21. 

Figure 3. X-ray crystal structure of [2]rotaxane 4. Intramolecular hydrogen- 
bond distances (A): 02-HN3I0I-HN5 1.90, 02-HN4/01-'HN6 2.01. 

I). The ability of the succ station to template formation of the 

macrocycle by a five-component 'clipping' reaction between 
isophthaloyl dichloride and p-xylylene diamine in apolar 

solvents is well established. 8t' X-ray crystal structures of model 

succinamide rotaxanes 3 and 4 (Figures 2 and 3) demonstrate 
an excellent fit between the thread and macrocycle, both in terms 

of steric interactions and the complementary positioning of the 

hydrogen-bonding amide groups on the two components. While 

the structure of 3 shows both intra- and intermolecular hydrogen 
bonding in the solid state, 4 has a solely intramolecularly 
hydrogen-bonded structure and is presumably more representa-

tive of the hydrogen-bonding motifs adopted by 'isolated' 
molecules in solution. The macrocycle adopts a near-perfect 

chair conformation, driven by formation of two sets of bifurcated 

hydrogen bonds between the amide protons of each isophthala-

mide moiety and the succinamide carbonyl oxygens. 

The choice of a substituted naphthalimide unit as the redox-

active station was inspired by the work of SmithI 4E and 

Rotello.' Imides are comparatively poor hydrogen-bond 
acceptors;" indeed, threads containing just the naphthalimide 

Jeftley, G. A. An Introduction to Hydrogen Bonding; Oxford University 
Press: New York, 1997. 
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Chart 2. Model Rotaxanes 3-8 Shown as the succ- Positional Isomers 
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The dashed lines show hydrogen-bond Interactions possible in I but disallowed in the model compound. Solid lines show changes of co-conformation that require shuttling which are disallowed in the model compound. 

unit do not template formation of the benzylic aniide macrocycle 
to give rotaxanes. To minimize its free energy, the macrocycle 
in I must therefore Sit over the succinamide station in non-
hydrogen-bonding solvents, so that co-conformation succ-1 
predominates (Figure 4). One-electron reduction of naphthal-
imides to the corresponding radical anion, however, results in 
a substantial increase in electron charge density on the imide 
carbonyls and a concomitant increase in hydrogen-bond ac-
cepting ability. '' In 1, this change in oxidation state should 
reverse the relative hydrogen-bonding abilities of the two thread 
stations so that co-conformation ni- I is preferred in the 
reduced state. This dynamic process was studied in I through 

cyclic voltammetry experiments and I H NMR spectroscopy. To 
probe the nature of the stimulated motion, we carried out similar 
studies on model rotaxanes 5-8 (Chart 2). Each of these 
analogues of I is designed to restrict a different type of 
conformational or co-conformational change so that the true 
origin of the effects seen for I could be unambiguously 
determined. 

Synthesis 

Rotaxanes 1, 5, and 6 were prepared according to Scheme 1. 
Treatment of threads 2, 9, or 10 with 10 equiv of each of 
p-xylylene diamine and isophthaloyl dichloride (CHCI 3 . Et3 N, 
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(i) I, 12-Diaminododecane, Et3N, EtOH, A. 14%; (ii) I,2-cthylcnediamine, EtOH. A. 78%; (iii) pyridine, AcOH, 9016; (iv) 1-(34dimethylainino)propyll-

3-ethylcarbodiimide hydrochloride (EDCI), 4-(dimethylamino)pyridine (DMAP), CFI2Cl2, 0 °C to RI, 98% (2),93% (10); (v) Me!, NaH, IHF, 0 °C to RI, 

94%: (vi) isophthaloyl dichloride, p-xylylene diamine, E3N. CHCI3. 59% (1), 33% (5). 62% (6). 

Scheme 2. Synthesis of Rotaxanes 7 and 88  
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-"N 	 N,.rOH 010  PlYNA I(N. I:OH  
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o 	 o 	 o 
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(IV) 

tBu 

+ 

HO 	NH2  

OTBDPS 

Bu COOH 	 xX0i 

OR H 

1-Bu 

A .  
.t 	(V)r 7:R=IBDPS 

L8R=H 	 f-Bu t  

+ 1°-OacyI. hydroxyl regloisomer 

°(i) (PhCH2)2NH, EDCI. DMAP, C112C12, 0 °C to RT, 94%; (ii) 3-araino-propane-I,2-diol, A, 84%: (iii) tert-butylchlorodiphenylsilanc (TBDPSCI). 

imidazole, DMAP. C11202. 62%: (iv) pyridine. A, 60 1/o; (v) EDC!, DMAP, CH202, 0 °C to RI, 90 0/6; (vi) isophthaloyl dichloride, p-xylylenc diamine, 

Et3N, CHCI3, 23%; (vii) CH202, tetrabutylanimonium fluoride (TBAF), 70 1/6. 

4 h, high dilution) provided [2]rotaxanes 1, 5, and 6 in 59%, 

33%, and 62% yields, respectively. Scheme 2 shows the 
synthesis of 'gate-closed' thread 11 which, under similar 
rotaxane-forming conditions, furnished [21rotaxane 7 in 23% 
yield. The 'gate-opened' rotaxane 8 was obtained by treatment 
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of 7 with a stoichiometric amount of tetra-n-butylammonium 
fluoride in CH202) 8  

(18) 'Gate-opened' rotaxane S was obtained together with the l00. acyI, 2*-  
hydroxyl regioisomer from which it was not separated. 
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Figure 4. An electrochemically switchable, hydrogen-bonded molecular shuttle 1. In the neutral state, the translational co-conformation succ-1 is predominant as the ni station is a poor hydrogen-bond acceptor (K,, = (1.2 ± I) x 10). Upon reduction, the equilibrium between succ-I and ni-1 is altered (K, = (5 ± I) x 102 ) because ni is a powerful hydrogen-bond acceptor. Upon rcoxidation, the macrocycle shuttles back to its original position. Repeated 
reduction and oxidation causes the macrocycle to shuttle forward and backward between the two stations. All the values shown refer to experiments in 
anhydrous THF at 298 K with tctrabutylammoniuni hexafluorophosphatc as the supporting electrolyte. 
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Figure 5. Ij{  NMR spectra (400 M}lz) of (a) 2 and (b) I in CDC], at 298 
K. The letters correspond to the assignments shown in Chart I. 

Co-conformation in the Neutral State 

'H NMR spectroscopy is a useful tool for studying transla-
tional isomerism in rotaxanes. For benzylic amide macrocycle-
containing rotaxanes, aromatic ring currents in the p-xylylene 
rings result in significant upfield shifting (typically MH > ) 
ppm) for protons on the portion of the thread covered by the 
macrocycle.' 9  Comparison of the 'H NMR spectra of rotaxane 
I and the corresponding thread 2 in CDCI3 (Figure 5) shows 
such an upfield shift for succinic methylene protons H, and H 
(MH = - 1.45 ppm). 20  Protons in close proximity to the succ 

(19) Johnston, A. (3.; Leigh, D. A.; Murphy, A.; Smart. J. P.; Deegan, M. D.J 
Am. Cheat Soc. 1996. 118, 10662-10663. 

Table 1. Solvent Effects on Chemical Shifts (OH)  and Differential 
Chemical Shifts (MH) for Succinamide Protons in I and 2 

NH,andNI - 	 Hd and H., 
solved OH (1)/ppm OH (2)/ppm AOi-Vppm 

CDC13 5.95 5.73.5.61 -1.45 
d3-MeCN' 6.47; 6.42 6.42; 422 -1.2 
d5-THF 7.84; 7.63 7.20; 7.12 -1.2 
4-DMSO 7.92; 7.40 7.78; 7.60 -0.7 

Spectra collected at 329 K due to low solubility of I in d3-MeCN. 

station (Ha, '1b. and H g) are also shielded but to a lesser extent; 
all other thread protons, including those of the naphthalimide, 
are essentially unaffected by the presence of the macrocycle. 
The infrared spectrum of 1 in CUd 3  also shows no changes in 
the CO stretching band of the naphthalimide moiety compared 
to the spectrum of 2 (vco. h  = 1780 cm -1  in each case), 
suggesting no significant hydrogen bonding occurs to the 
naphthalimide subunit in the rotaxane. 8t Clearly the succ-1 
translational isomer is the predominant structure in chloroform. 

In fact, unlike peptide-based molecular shuttles, 7a the posi-
tional integrity of the macrocycle in I is remarkably independent 
of the nature of the solvent. The difference in chemical shifts 
for methylene protons Hd and ll  in 1 and 2 as well as the shifts 
for succinamide amide protons H and Hr in solvents of varying 
hydrogen-bonding ability are shown in Table 1. The increasing 
6,., values for the amide protons illustrate the ability of these 
solvents to disrupt hydrogen bonding (CDCI3 < d3-MeCN 
d8-THF < d6-13MSO). It can be seen, however, that in CDCI3, 
d3-MeCN, and 48-TUF, shielding of the succ methylene protons 
is virtually unchanged, indicating that positional integrity of the 

(20) Dilution experiments demonstrated that intermolecular hydrogen-bonding 
interactions were absent at concentrations of 10 mmol L -1   and below for 
the current rotaxanes and threads. All NMR spectra discussed were therefore 
collected at this standard concentration. 
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Figure 6. 'ii NMR spectrum of 4(400 Ml-Iz. CDCI3) at 243 K showing 
slow pirouetting of the macrocycle about the thread (l -lE, and HE2 resolved). 
SPT-SIR between resolved signals gives the energy barrier for rnacrocycle 
pirouetting. Higher temperature spectra (expansion, 243-296 K (CDCI3) 
and 329-369 K (C 213204)) illustrate the wide temperature ranges that can 
exist between full resolution and coalescence of signals affected by the 

dynamic processes. 

shuttle is maintained in all three solvents. Even in d6-DMSO 
the upfield shift for Hd and H e  is only reduced by 50%, 
indicating that even in this strongly hydrogen-bond-disrupting 
solvent the macrocycle still spends a significant amount of time 
over the succ station. 

The energy barrier for pirouetting of the macrocycle around 
the thread provides a definitive measure of the strength of the 
intercomponent interactions. 2 ' Due to the complexity of the 
NMR spectra of 1 and its analogues, this process was studied 
in the simpler, C2-symmetric, rotaxanes 3 and 4 as models for 
shuttles 1 and 5, respectively. Variable-temperature (VT) 'H 
NMR experiments in CDCI3 and C2D2CL (because of the wide 
temperature range involved) using both the coalescence method 
and spin polarization transfer by selective inversion recovery 
(SPT-SIR)23  were employed to calculate the rates of macrocycle 
pirouetting. The VT 'H NMR plot for 4 (Figure 6) shows the 
signals for macrocycle benzylic methylene protons E, and E2 
are well separated at 243 K, while a single sharp peak is 
observed at 369 K. 24  SPT-SIR of 4 gives an energy barrier for 

For examples of macrocycle pirouetting in benzylic amide macrocycle-
based [2]rotaxanes, see ref lOh and the following: (a) Leigh, D. A.; Murphy. 
A.; Smart, J. P.; Slawin, A. M. Z. Angew. Chem., lot, Ed Engl. 1"7,36, 
728-732. (b) Gatti, F. G.; Leigh, D. A.; Nepogodiev, S. A.; Slawin, A. 
M. Z.; Teat, S. J.; Wong, J. K. Y. J. Am. Chem. Soc. 2001, 121, 5983- 
5989. (c) Gatti, F. G.; LeOn, S.; Wong, J. K. Y.; Bottari, G.; Altien, A.; 
Fat-ran Morales. A. M.; Teat, S. 1.; Frochot, C.; Leigh, D. A.; Brouwer, A. 
M.; Zerbetto, F. Proc. Nail. Acad. Sci. U.S.A. 2003, 100, 10-14. 
SandstrOni, J. Dynamic NMR Spectroscopy, Academic Press: London, 1982. 
Dahlquist, F. W.; Longniur. K. i.; Du Vemet, K. B. .1. Magn. Reson. 1975, 
17, 406-413. For applications of SVI-SIR to dynamic processes in 
rotaxanes, see, for example: Clegg, W.; Gimenez-Saiz, C.; Leigh. D. A.; 
Murphy....: Slawin. A. M. Z.; Teat, S. J. J. Am. Chem. Soc. 1999, 121, 
4124-4129. For an example of how the SI'T-SIR experiments were 
performed for the current systems, see the Supporting Information. 
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Figure 7. Cyclic voltammograrns at 298 K of (a) 2 and (b) I showing 
both experimental (black line) and simulated (red line) results. Experiments 
carried out on I mmol L' 1  solutions of substrate in anhydrous THF with 
tetrabutylammonium hexafluorophosphate (5 x I0_2  mol LW") as electrolyte 
and ferrocene as internal standard. Scan rate: 2 V s 1 . Working electrode: 

Pt. 

macrocycle pirouetting at 298 K of 12.9 ± 0.1 kcal mot'. 
Similarly, the barrier for 3 was determined as 11.2 ± 0.1 kcal 
mol' at 298 K. Even when compared to the fumaramide 
template which holds the hydrogen-bond acceptor groups of the 
thread in a close-to-ideal arrangement for the donor groups in 
the macrocycle (G298 4  for the fumaramide analogue of 3 = 
13.4 ± 0.1 kcal mol_ 1 )2 tr it can be seen that the succinie 
templates in 3 and 4 result in strong intercomponent hydrogen 
bonding. Clearly, dissociation from the succinamide station in 
a molecular shuttle will involve a significant energy barrier. 

Redox-Switched Shuttling 

Translocation of the macrocycle in 1 could be readily 
triggered by electrochemical reduction of the naphthalimide 
station to its radical anion. Since the changes in hydrogen-
bonding pattern affect the electrochemical properties of the 
system, the shuttling process could be both effected and 
observed in cyclic voltammetry (CV) experiments of I and its 
analogues and components. 25  The CV response of 2 in anhy-
drous THF (Figure 7a) exhibits a reversible, one-electron 
reduction peak corresponding to reduction and reoxidation of 
the naphthalimide group (2/2, E112 = — 1.41 V).' 6  Rotaxane 
I, on the other hand, displays a similar cathodic signal, I (E5  = 

Due to the wide temperature range, spectra were collected in CDCI 3  from 
243 to 296 K and in C2 D2C15 from 329 to 369 K 
Cyclic voltammetry was carried out on 10 - ' mol L solutions of substrate 
in anhydrous TFIF with tetrabutylarnnsonium hexatluorophosphate (TBHF, 
5 x 10 2  mol L-  ') as electrolyte and ferrocene as internal standard. The 
invariance of the chemical shill for amide protons of I and 2 in d5-'rHF in 
the presence of TBHF at 5 x 10-2  mol L suggests that the electrolyte 
does not significantly affect amide—amide intramolecular hydrogen bonds 
at these concentrations. 
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- 1.40 V, at 2 V s ), yet lacks the corresponding oxidation 
peak (Figure 7b). Rather, a new one-electron anodic peak, H, 
appears toward more positive potentials (E5  = -0.89 V, at 2 V 
S-1 ). On subsequent scans, performed without renewal of the 
diffusion layer, it is only these two peaks that appear, indicating 
that the system returns to its original state after each cycle on 
this time scale. 

These results can be interpreted in terms of a standard square 
scheme for a redox-switched binding process whereby the 
reversible translational isomerism equilibria for each oxidation 
state are connected via the electron-transfer steps (Figure 4). 
As shown earlier, the shuttle in its neutral state overwhelmingly 
adopts co-conformation succ-I. Reduction of the naphthalimide 
group to give succ-I -. is therefore unaffected by the macrocycle. 
Due to the increased hydrogen-bonding ability of naphthalimide 
in its reduced state, the equilibrium between co-conformations 
in this oxidation state lies far toward the ni-l' isomer so that 
shuttling of the macrocycle occurs. Resultant hydrogen bonding 
to the macrocycle amide protons stabilizes the increased electron 
charge on the naphthalirnide so that more positive potentials 
must be reached before the oxidation ni-I' ni-i occurs 
= 0.51 V). Once again in the neutral state, the macrocycle 
shuttles back to the preferred succinamide station therefore 
restoring the system to its original state as succ-I. The absence 
of any succ-1' - succ-I oxidation peak or ni-i - ni-1' 
reduction peak demonstrates the remarkable positional integrity 
of the shuttle in both oxidation states while also indicating that 
the shuttling process is rapid on the time scale of the experiment. 

The CV curve of I was simulated (Figure 7b). Fitting with 
the experimental results allowed calculation of the redox 
potential for the electron-transfer process ni-I - 	ni-I as 
= -0.90 V. Also obtained were the rate constants in the reduced 
state for the forward shuttling process (succ- I -. 	ni-I •: 	 
= (2 ± I) x IO s; T = 298 K, THF) and the backward 
process (ni-I' - succ-i •; 	= (40 ± 5) x 102  s'; T 
298 K, THF). These figures yield a co-conformational equilib-
rium constant for the reduced state of K = (5 ± I) x 102  
confirming that the ni-I -. co-conformation is indeed strongly 
preferred. The ni-i - succ-i shuttling process occurs faster than 
the ni-I - ni-i oxidative electron-transfer step, so that it is 
not possible to calculate rate constants for this process. 26  The 
equilibrium constants in each oxidation state for any such redox-
switched binding process are related by eq 1.27  Accordingly, 
the constant for the neutral state co-conformational equilibrium 
was calculated as K. = (1.2 ± I) x 10 -6, 28  consistent with the 
predominance of the suer-I co-conformation shown by 'Fl NMR 
and IR. 

- RT IKt AE'°=E,'-E,,, 	Fmn_X._) 	(1) 

Given the fast rate constants for shuttling in the reduced state, 
a scan rate on the order of 10 kV s I would be required to 

On increasing the scan rate (him 20 mV s' to 250 V s -  I. the anodic peak 
If shifts to higher potentials by rv60 mV/log unit of scan rate, indicating 
that the oxidation process is kinetically slow. Due to the non-Nemstian 
nature of the oxidation process, the rate constants relative to the ni-l'xucc-1 
shuttling process can therefore not be obtained by fining of the CV curve. 
The absence of a cathodic counterpart for peak II at scan rates as high as 
250 V s', however, allows estimation of kb' 	1.6 	0' s 1 , to that k 1  

2 x 10 s -  I 
Kaifer, A.; Gómez-Kaifer, M. Supra,nolecular Elecirochemislry. Wiley-
VCH: Wejnhejm, 1999. 
Assuming EI'°' = E,, (2) = -1.41 V.  
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Figure & Cyclic vollammograms at 213 K of I showing both experimental 
(black line) and simulated (red line) results. Experiments carried out on I 
mmol L -  I solutions of substrate in anhydrous THF with tetrabutylammo-
nium hexafluorophosphate (5 x I0 mot L) as electrolyte and ferrocene 
as internal standard. Scan rate: 2 V s. Working electrode: Pt. 
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Figure 9. Variation of forward shuttling rate (k1 ) with relative permit-
tivity. c. of solvent. Data points in black are calculated from experiments 

using an electrochemical stimulus; data points in red are calculated from 

experiments using a photochemical stimulus.°' All experiments were carried 
out at 298 K. 

observe the succ-1' - succ-i oxidation before shuttling to ni-
l -,  occurs. Such high scan rates are not achievable with I due 
to the high resistivity of THF solutions. An alternative strategy 
is to run the experiments at low temperatures to slow the 
shuttling motion. Indeed, at 213 K, the cathodic peak, I, for 
reduction of the succ-I species exhibits an anodic counterpart. 
III, while the intensity of anodic peak If is correspondingly 
reduced (Figure 8). The even greater resistivity at this temper-
ature prevents the use of higher scan rates to oxidize all succ-
I species before shuttling occurs. 

Simulation of the low-temperature CV curve (Figure 8) 
indicated, as expected, that the rate constant for forward shuttling 
in the reduced state is much lower than that at room temperature 
(kr' I s ; T= 213 K. THF). By repeating the simulation 
at various temperatures and subjecting the results to an Eyring 
plot analysis, the following activation parameters for the 
shuttling process in the reduced stale were obtained: AJ.I* = 
14.0 ± 0.6 kcal mol ',AS = 8.7 ± 2 cal K -  I mol' and AG9g5  
= 11.4± l.2 kcal mol'. 

The electrochemical results are consistent with the photo-
chemically induced shuttling experiments carried out in alky-
lnitrile solutions.81  Unfortunately, when carrying out the elec-
trochemistry experiments in acetonitrile, adsorption phenomena 
at the electrodes prevented any analysis of the curves and 
therefore any direct comparison of the two stimuli in the same 
solvent. The electrochemical measurements were instead re-
peated in DMF. Figure 9 compares the forward shuttling rates 
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Figure 10. Possible folded co-conformations for reduced rotaxane I'. In fact, only folded-ni-I is a low-energy structure. 

calculated from a range of experiments in different solvents 

using the two stimuli. An approximately linear relationship exists 

between the rate of shuttling (kr') and polarity of the medium, 

suggesting that the nature of the solvent is the main variable 

affecting the shuttling rates in these experiments (the presence 

of the supporting electrolytes in the electrochemistry experi-

ments could also play a role, but see ref 25). Pleasingly, the 

shuttling process in this class of molecular shuttles is indepen-

dent of the means—light or electrons —used to trigger it. 

Is the Redox-Induced Motion Really Shuttling? 

It might be argued that hydrogen-bonding interactions 

between the ni station and either the succ station or the 

macrocycle in 1 could arise from folded conformations (e.g., 

folded-succ'-I -. and folded-succ"-1 ', Figure 10), accounting 

for the experimental observations without requiring an actual 

change in the position of the macrocycle on the thread in the 

reduced rotaxane. To demonstrate unequivocally that the reduc-

tion of I does, in fact, result in shuttling of the macrocycle 

between the succ and ni stations, the electrochemical behavior 

of model rotaxanes 5-8 (Chart 2) was investigated. 

'Gate-closed' shuttle 7 incorporates a bulky silyl ether 

between the two stations which is large enough to preclude any 

shuttling yet should not prevent the formation of a variety of 

folded conformations; removal of this group to give 8 restores 

the possibility of redox-switched shuttling, thus generating a 

system closely analogous to 1. 

Compared to 1, rotaxane 6 has a reduced length of alkyl 

spacer (C2 in place of C12). thus disallowing folded conforma-

tions involving multipoint interactions between the naphthal-

imide carbonyls and macrocycle amide protons. 

In model compound 5, methylation of the succinamide 

nitrogens prevents a folded conformation involving hydrogen 

bonding to these units (i.e., the succ unit in 5 can only act as a 

hydrogen-bond acceptor). 

'H NMR spectra of each of 5-8 in CDCI3 show that the 

macrocycle sits over the succ station in each case, exactly as 

observed for 1. The behavior of these model systems, together 

with other control experiments and observations, leads to a series 

of arguments showing that the observed CV effects in 1 are a 

result of the macrocycle shuttling along the thread. 

(i) 'Gate-closed' rotaxane 7 (where shuttling is prohibited) 

shows a CV response (Figure 1 Ia) identical to that of the thread 

2 not rotaxane I. indicating that there is no hydrogen-bond 
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Figure 11. Cyclic voltammograms at 223 K of(a) 7 and (b) S. Experiments 

carried out on 0.5 mmol L solutions in DMF with tetraethylammonium 
tctratluoroborate (5 x I0 moll') as internal standard. Scan rate: 0.5 V 

S'. Working electrode: Pt. 

stabilization of the naphthalimide radical anion as a result of 

folding in 7. However, the 'gate-opened' version 8 shows 

virtually identical CV behavior (Figure 1 Ib) to rotaxane 1, the 

only difference being that the dynamics are over a slightly longer 

time scale presumably as a result of the branching in the thread 

providing a small steric barrier to macrocycle translation. 

Model rotaxane 6, which is too short and rigid to allow 

multiple hydrogen bonds between the macrocycle and the ni 

station when the macrocycle is situated over the succinamide 

station, also shows very similar CV behavior to 1, although over 

a much shorter time scale, reflecting the smaller amplitude of 

shuttling that is required. 

Removing the possibility of hydrogen bonding to the 

amide protons of the succ station in 5 does not affect the CV 

response, suggesting that all the hydrogen bonds to the ni 

station come from the macrocycle. 

Molecular modeling studies show that folded conforma-

tions of I can only be stabilized by one or two hydrogen bonds 

from the macrocycle to the ni station due to geometrical 

constraints. Molecular dynamics simulations on such structures 
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indicate that the macrocycle would still shuttle along the thread 
in order to form multipoint hydrogen bonds to the naphthalimide 
unit. 29  

The large anodic shift for reoxidation of the naphthalimide 
in 1' indicates extensive stabilization of the radical anion (AP 
= 0.51 V; corresponding to AG = -11.8 kcal mol'). This is 
equivalent to the formation of three or four strong hydrogen 
bonds which modeling shows can only arise in geometries where 
shuttling has occurred. 3° 

If only one or two intramolecular hydrogen bonds were 
producing the shills seen in the CV of I, a similar process could 
take place in the thread (2) using the succinamide amide protons 
as hydrogen-bond donors. This is clearly not the case as 2 
exhibits an identical CV response to that of its N-methylated 
analogue (9). 

For rotaxanes 1, 5, and 8 (dynamics in 6 are too fast to 
measure), more polar solvents accelerate the speed of the 
process, suggesting that breaking of hydrogen bonds is the rate-
determining step, not formation of hydrogen bonds which one 
might expect in a folding mechanism. 

It is known that alkyl chains fold several orders of 
magnitude faster than the dynamics observed in the current 
system. 3 ' 

Folding a long alkyl chain is entropically unfavorable, 
and cyclic hydrogen-bonded conformations forming large rings 
of the type produced in the possible folded conformations of 

are not often free energy minima. 32  In comparison, the 
entropy of activation calculated for shuttling in l (M' t  = 8.7 
± 2 cal K- ' mol') is positive; the calculated enthalpy of 
activation (AR t  = 14.0 ± 0.6 kcal moM) is also more consistent 
with a shuttling mechanism, where the rate-determining step is 
breaking of hydrogen bonds as opposed to forming bonds in a 
folding mechanism. 

The energy barrier determined for shuttling in the reduced 
state (AG,,t = 11.4 ± 1.2 kcal mol ') is consistent with known 
energy barriers for shuttling between two degenerate stations 
in similar molecular shuttles 7a and also with the energy barrier 
for pirouetting of the macrocycle in model rotaxane 3 (see 
above). 

Given that folding cannot account for the multipoint hydrogen 
bonding that stabilizes the reduced naphthal imide in I   nor 
can it account for the behavior of 8 mirroring that of 1 while 
that of 7 does not, the only process that satisfies the experimental 
behavior for these molecules is shuttling. We do not exclude 
the likelihood that folding occurs in some of these systems to 
some degree (e.g., folded-ni-I . Figure 10). Indeed, there is 
evidence to support this in a few of the low-energy co-
conformations identified in modeling studies (see above and 
ref 29). However, in all these low-energy co-conformations-
folded or extended-the macrocycle has shuttled from the suec 
station to the ni unit. 

Conclusions 

The use of electrochemical stimuli to manipulate intercom-
ponent interactions provides a powerful method for both 

Indeed, recent molecular modelling studies by other groups reinforce this 
view: Zhcng, X.; Sohlberg, K. J. Pkvx. Chem. .42003.107, 1207-1215. 
In complexes with 2.6-diamidopyndincs, three hydrogen bonds to a PU Unit 
cause a stabiluration of ,  0_1 V: see refs 14b and 14c. 
Zachariasse, K. A.; Macanita. A. L.; Künhle, W. I P/tsr. Chem. 8 1999 
103. 9356-9365. 
Gellman. S. H.; Dado. G. P.; Liang, G,-B.; Adams, B. R. J. Am. Chem. 
Soc 1991. 113. 1164-1173. 

controlling and observing submolecular motion in hydrogen-
bonded molecular shuttles. In the present benzylic amide 
macrocycle-based rotaxane system, the motion resulting from 
reduction and reoxidation of the naphthalimjde station is 
unequivocally shown to be reversible shuttling of the macrocycle 
along the thread. This constitutes a molecular shuttle which 
exhibits remarkable positional integrity of the macrocycle on 
the thread in both oxidation states and rapid dynamics of the 
triggered shuttling between them. The simplicity of the structures 
involved and the process used to control the motion of the 
components augurs well for the development of molecular 
devices based on such systems. 

Experimental Section 

Synthesis. All synthetic procedures are reported in the Supporting 
Information. 

Electrochemistry. Materials. All chemicals used were reagent 
grade. Tetrabutylamrnori turn hexafluorophosphate (T13l-IF. Fluka) was 
used as supporting electrolyte as received. Tetrahydrofuran (UChrosolv) 
was treated according to a procedure described elsewhere. 33  For the 
electrochemical experiments, the solvent was distilled into the elec-
trochemical cell, prior to use, by a trap-to-trap procedure. 

Instrumentation and Measurements. The one-compartment elec-
trochemical cell was of airtight design, with high-vacuum glass 
stopcocks fitted with either Teflon or Kairer (DuPont) 0-rings to 
prevent contamination by grease. The connections to the high-vacuum 
line and to the Schlenck containing the solvent were made by spherical 
joints fitted with Kalres 0-rings. The pressure measured in the 
electrochemical cell prior to performing the trap-to-trap distillation of 
the solvent was typically 1.0 to 2.0 x 10 mbar. The working electrode 
consisted either of a 0.6 mm diameter platinum wire (0.15 cm 2  
approximately) sealed in glass or platinum disk ultramicroelectrodes 
(with radii from 5 to 62.5 pm) also sealed in glass. The counter electrode 
consisted of a platinum spiral, and the quasi-reference electrode was a 
silver spiral. The quasi-reference electrode drift was negligible for the 
time required by a single experiment. Both the counter and reference 
electrodes were separated from the working electrode by --0.5 cm. 
Potentials were measured with the ferrocene or decamethylferrocene 
standards and are always referred to saturated calomel electrode (SCE). 
E,.•2 values correspond to (E ± Ea)12 from CV. Ferrocene (decameth-
ylfen-ocene) was also used as an internal standard for checking the 
electrochemical reversibility of a redox couple. The temperature 
dependence of the relevant internal standard redox couple potential was 
measured with respect to SCE by a nonisothermal arrangement. 
Voltamniogranis were recorded with an AMEL Model 552 potentiostat 
or a custom-made fast potentiostat controlled by either an AMEL Model 
568 function generator or an ELCHEMA Model FG-206F. Data 
acquisition was performed by a Nicolet Model 3091 digital oscilloscope 
interfaced to a PC. Temperature control was accomplished within 0.1 
°C with a Lauda thermostat. The minimization of ohmic drop was 
achieved through the positive feedback circuit implemented in the 
potentiostat. Digital simulation of cyclic voltammetric experiments: The 
CV simulations were carried out by the DigiSim 3.0 software by 
Bioanalyticai Systems Inc. All the fitting parameters (see Supporting 
Information) were chosen so as to obtain a visual best fit over a 10-
103 -fold range of scan rates. 
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A benzylic amide macrocycle containing a pyridine moiety (macrocycle 2) and a related benzylic amide 
macrocycle-based molecular shuttle (naphthalimide rotaxane) with two pyridine moieties on the macrocyclic 
unit were grafted onto a self-assembled monolayer (SANE) of I 1-mercaptoundecanoic acid (1 1-MUA) on 
gold. X-ray photoelectron spectroscopy (XPS) indicates that the molecules are linked to the SAM by hydrogen-
bonding. Electrochemical investigations show that the self-assembled monolayer is densely packed and well 
ordered and allows the estimation of the average thickness of the SAM alone and of the SAM functionalized 
with either macrocycle 2 or with naphthalimide rotaxane. The estimated thickness values suggest that the 
II -MUA chains in the SAM are tilted with respect to the surface normal, as expected for ordered and stable 
SAMs, whereas the rotaxane molecules are oriented with the thread parallel to the SAM surface and macrocycle 
plan preferentially perpendicular to the surface. The photophysical studies of the naphthalimide rotaxane 
grafted onto the SAM on gold demonstrated that fluorescence is partially quenched but still remains easily 
measurable because the presence of the SAM reduces the quenching effect of the metal substrate. Moreover, 
the photophysical analysis clearly indicates that the naphthalimide part of the rotaxane strongly interacts with 
the carboxylic groups of the SAM, in agreement with the orientation of the molecule obtained from the 
electrochemistry. 

1. Introduction 

The design and construction of new architectures for the 
purpose of developing innovative and promising multifunctional 
materials is one of the central themes of nanotechnology. 
Rotaxanes, a class of mechanically interlocked molecules, are 
proving popular prototypical systems for device applications, 
because of their unusual structural characteristics. In fact, they 
are composed of a macrocycle ring locked onto a thread by 
two bulky stoppers, and the mechanical bond holding together 
the components of the molecule allows large amplitude relative 
movements that can be used to modify the molecular properties 
by external stimuli)" Various molecular systems in which 
translational or rotational motion of submolecular components 

* Corresponding authors. For thin film preparation and XPS characteriza-
tion (P.R.): P.Rudolf@.phys.rug.nl. For electrochemical measurements 
(F.P.): francesco.paolucci@uniboit. For photophysics (A.M.B.): fred® 
scicnce.uva.nl . For materials (DA.L.): David.Leigb@cd.ac.uk . 

'Universitaires Notre-Dame de In Paix. 
Rijksuniveisiteit Groningen.  

takes place after chemical, electrochemical, electrical or pho-
tochemical excitation, have been described previously. 5-14  Up 
to now, most rotaxane-based submolecular motions have been 
studied in solution where the large possibility of orientation and 
ample freedom of movements are allowed. However, the 
creation of a rotaxane-based device requires the incorporation 
of rotaxane molecules in bidimensional arrays onto a surface, 
in a way that preserves the dynamic properties of the molecule. 
This implies first that the anchoring of the molecules has to 
ensure that the mutual interactions and the link with the substrate 
do not affect the molecules' internal degrees of freedom 
necessary for their use as functional units. Second, the chemical 
or physical properties of molecules adsorbed on a surface can 
be slightly or strongly affected and modified, depending on the 
nature of the substrate and of the adsorbed species, on the 
distance between the two, and on the presence of an intermediate 
layer. In addition to these intrinsic difficulties, experimental 
problems also interfere with the characterization and under -
standing of the behavior of such surfaces because the number 

10.1021/jp048621s CCC: $27.50 © 2004 American Chemical Society 
Published on Web 09/08/2004 
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photoluminescent properties of the naphthalimide rotaxane films 
on gold. 

1 	 b 
HS 	 Macrocycle 2 
a 

11-MUA 

C 

Naphthalimide rotaxane 
Figure 1. Simplified representation of (a) II -mercaptoundecanoic acid 
(l1-MUA), (b) macrecycle 2. and (c) naphthalimide rotaxane. 

of molecules adsorbed on the surface is often so low that it 
falls below the detection limits of many techniques. 

A method often used to anchor macromolecular units, such 

as proteins or enzymes, onto a solid surface is the functional-

ization of a self-assembled monolayer (SAM) of alkanethiols 
[see, for example, refs 15-27]. The success of SAMs is due to 
the simplicity of the experimental procedure to prepare the films, 

their reproducibility, and the possibility of creating a wide range 
of surfaces via the incorporation of different groups at the end 

of the alkyl chains. These groups allow us to graft different 

types of molecules onto a surface and serve therefore as a 

starting point from which to build up more complex molecular 
architectures. 

Here a functionalized benzylic amide macrocycle and mo-
lecular shuttle were anchored on the surface of an acid-

terminated self-assembled monolayer on gold. Macrecycle 2 

(Figure 1 b) contains a pyridine function that allows grafting by 

hydrogen bonding with the acid groups of SAM, as already 

shown in a previous work.- 8  Similarly, the naphthalimide 

rotaxane molecule (Figure Ic) contains two pyridine moieties 
localized on the macrocycle unit and is hence also expected to 

hydrogen-bond to the SAM. A similar rotaxane with two phenyl 

groups in the place of the two pyridine groups on the macrocycle 
already demonstrated behavior as a molecular shuttle in solution, 

either after excitation by a laser pulse 1 ° or after electron transfer 
at an electrode. 

The aim of this work has been to investigate the structural, 

electrical, and/or the photophysical properties of such surfaces, 

focusing the attention especially on the packing, the order, and 

the thickness of macrocycle and rotaxane films, and on the  

2. Experimental Section 

Materials. Macrocycle 2 and naphthalimide rotaxane (Figure 
lb,c) were synthesized using methods analogous to those 
previously described in the literature. 29  II -Mercaptoundecanoic 
acid (95%, Aldrich) (Figure la), chloroform, and dichloro-
methane (HPLC grade, Acros) were used as supplied. 

Preparation of Monolayers. The substrates were evaporated 
gold films supported on Si(I I 1)wafers (IMEC, Belgium). They 

were cleaned in an ozone discharge for 15 mm, followed by 

sonication in ethanol for 20 min immediately before being 
employed. Carboxylic acid-terminated SAMs were prepared by 
immersion of the gold substrates in a 1 mM chloroform solution 

of I l-MUA for 21 h. The samples were rinsed in chloroform 
and dried under argon before contact angle measurements or 
introduction into ultrahigh vacuum for characterization by X-ray 
photoelectron spectroscopy (XPS). 

Functionalization Using Macrocycle 2. Grafting of macro-
cycle 2 onto the SAM surface has been carried out after 98 h 

of immersion of the I 1-MUA monolayer in a 1 mM solution 
of macrocycle 2 in dichloromethane, as described in the 
literature. 28  

Functionalizatlon Using Naphthalimide Rotaxane. For 
grafting the rotaxane molecules, the carboxylic acid-terminated 

SAMs were immersed in a 0.1 mM solution of naphthalimide 
rota.xane in dichloromethane for 120 h. 

The modified surfaces were each rinsed and sonicated for 
30s in pure dichloromethane and dried under a stream of argon 

and then characterized by XPS, cyclic voltammetry, impedance 
spectroscopy, and fluorescence spectroscopy. 

X-ray Photoelectron Spectroscopy (XPS) Analysis. XPS 
measurements were performed using a SSX-100 (Surface 

Science Instruments) photoelectron spectrometer with a mono-
chromatic Al Ka X-ray source (liv = 1486.6 eV). The energy 
resolution was set to 0.92 eV to minimize data acquisition time 

and the photoelectron takeoff angle (TOA) was 90°. All binding 
energies were referenced to the Au 4177,2 core level. 30  The base 
pressure in the spectrometer was in the low 10-10  Torr range. 

Spectral analysis included a linear background subtraction 
and peak separation using mixed Gaussian— Lorentzian func-
tions, in least squares curve-fitting program (Winspec) developed 

in the LISE laboratory of the Facultés Universitaires Notre-
Dame de la Paix, Namur, Belgium. The photoemission peak 

areas of each element, used to estimate the amount of each 

species on the surface, were normalized by the sensitivity factors 
of each element tabulated for the spectrometer used. 

Electrochemical Instrumentation and Measurements. The 
electrochemical experiments were performed in unbuffered 0.1 

M KCI aqueous solutions using a two-compartment electro-
chemical cell fitted with a saturated calomel electrode (SCE) 

and a platinum spiral as counter electrode. Cyclic voltammetry 
(CV) and electrochemical impedance spectroscopy (EIS) experi-

ments were earned out with an Autolab Model PGSTAT 30. 

Fluorescence Spectroscopy. Steady-state spectra of the films 
were recorded on a Spex Fluorolog 3 spectrometer, equipped 

with two double grating monochromators in the excitation and 
emission channels. A front-face geometry was used, with an 
angle of 20° between excitation and detection directions. The 

detector was a Peltier cooled R636-10 (Hamamatsu) photo-
multiplier tube. 
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Figure 2. Photoenussion spectra and fit of the C is core level region 
for (a) a film of I l-MUA and (b) a film of I 1-MUA functionalized 
with naphthalimide rotaxane. 

Time-resolved fluorescence measurements were performed 
using a Hamamatsu streak camera system, consisting of a 
Chromex 1S250 spectrograph, a M5677 slow-speed sweep unit, 
a C4792 trigger unit, a C5680 blanking unit, and a C4742-95 
digital CCD camera. 31  The sample was excited using an LTB 
MSG400 nitrogen laser (337 nm, fwhm 0.9 ns, 10 Hz). 
Excitation and emission light were guided via optical fibers in 
a front-face geometry. For analysis the data were imported into 
the Igor Pro 4.0 data analysis package (Wavemetrics, Inc., Lake 
Oswega, OR). The system response (scattered laser light) was 
modeled as a Gaussian function, and the decay traces were fitted 
to the convolution of a Gaussian pulse and an exponential decay. 

3. Results and Discussion 

XPS Analysis. Figure 2, bottom panel, shows the carbon Is 
core level photoemission spectrum for a monolayer of 11 -MUA. 
As already discussed in a previous work for films of macrocycle 
2,28  to analyze these data, we mathematically reconstruct the 
spectrum with a minimum number of peaks consistent with the 
raw data and the molecular structure of the film, with the 
simplification of assuming equivalent carbon atoms for chemical 
environments that are expected to give very close values of the 
binding energy. Following this procedure, the analysis of the 
carbon Is core level region recorded for the monolayer provides 
the identification of three contributions to the experimental 
curve: a first main peak, at 284.7 eV, is assigned to the aliphatic 
carbons of the alkyl chains. The main peak is slightly asym-
metric due to the contribution at higher binding energy (0.3-
0.5 eV from the pure aliphatic carbons) of the carbon atom 
bound to the acid group and to a possible CO atmospheric 
contamination. The last peak at 289.6 eV corresponds to the 
carboxylic carbon. 2835  The analysis of the carbon Is core level 
region for a SAM of I l-MUA represents the starting point to 
characterize the functionali.zation process with macrocycle 2 28  
or with naphthalimide rotaxane. 

Figure 2, top panel, shows the C Is core level region for a 
monolayer functionalized with naphthalimide rotaxane mol-
ecules: as can be clearly seen, there are several differences 
between the spectrum recorded for the SAM alone and for the 
SAM modified with the rotaxane, confirming that they refer to  

rotaxe on 11 -MUA 	a) 
Nis 

400.3 eV 	

b) fitting procedure 1 
44402400398396 

Binding Energy(eV) 

Figure 3. Photoemission spectra of the N Is core level region for a 
film of II-MUA functionalized with naphthalimide rotaxane: (a) 
experimental curve and fit; (b) experimental curve and Savitzky—Golay 
filtered curve. 

different situations. If we compare these two spectra and rely 
on the characteristic peak energies for the different carbon 
species reported in the literature, 3537  we can assign all fitted 
peaks to chemical species present in the SAM functionalized 
with rota.xane molecules. The peak at 284.6 eV is the signature 
of aromatic carbons, which occur only in the rotaxane. The peak 
at 285.3 eV can be assigned either to aliphatic carbon atoms or 
to aromatic carbons bound to electronegative groups. The peak 
at 286.0 eV corresponds to aliphatic carbons of the rotaxane 
bound to electronegative atoms such as N or 0. At 287.3 eV 
binding energy we see the peak characteristic of amide and 
imide carbons of the rotaxane, and at 289.3 eV the contribution 
of carboxylate carbons. The shake-up feature associated with 
the aromatic rings of the rotaxane is found at 290.7 eV. 

Figure 3 bottom panel shows the N Is core level spectrum 
recorded for the SAM functionalized with naphthalimide 
rotaxane. The presence of a signal in this region is the most 
convincing evidence that rotaxane is grafted on the surface of 
the self-assembled monolayer because nitrogen occurs only in 
the rotaxane. The experimental curve is very weak and noisy 
because nitrogen has a small photoionization cross-section and 
because the molecule contains only 9 nitrogen atoms whereas 
the other 88 atoms are other elements (H is here not computed). 
However, the fitting procedure allowed us to evidence a single 
peak at 400.3 eV binding energy corresponding to the amide, 
imide, and pyridine nitrogen atoms of the naphthalimide 
rotaxane. To validate the peak assignment obtained from the 
fitting procedure, we treated the same experimental curve with 
a Savitzky—Golay filter method, 38  which has the peculiarity of 
preserving features of the data such as peak height and width. 
The result is shown in Figure 3, top panel: the experimental 
curve smoothed with this method shows a peak centered at 400.3 
eV, i.e., at exactly the same energy as the peak obtained from 
the fitting procedure. As shown previously 28  for macrecycle 2 
films, the fact that the nitrogen Is experimental curve is fitted 
with a single peak gives information on the interaction between 
the macrocycle and SAM. In general, one expects the signature 
of the pyridine nitrogen at a binding energy between 399.0 and 
399.5 eV depending on the chemical environment of the pyridine 
rings.35  However, theoretical calculations investigating the 
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Figure 4. Photoemission spectrum and fit of the S 2p core level region 
for a film of I l-MUA functionalized with naphthalimide rotaxane. 

effects of intra- and intermolecular interactions on the binding 
energy for similar molecules, i.e., benzylic amide catenanes, 
showed that hydrogen bonding interactions can produce shifts 
to a higher binding energy of up to I eV. 39  In addition, shifts 
up to 1.7 eV have been already observed for pyridine moieties 
interacting with acid groups by hydrogen bonding. 40  However, 
an electrostatic interaction between a protonated pyridine 
nitrogen and an anionic carboxylate function following the 
exchange of the proton of the carboxylic acid group, should 
give rise to a new component in the N Is core level region 
between 401.0 and 402.0 eV. 35  The Nis signal is quite weak, 
and therefore we cannot easily identify a possible second 
contribution at higher binding energy, between 401 and 402 
eV; however, the raw data indicate that such a contribution, if 
it exists, has to be sensibly weaker than the main component at 
400.3 eV. We can therefore conclude that the majority of the 
rotaxane molecules links to the SAM by a hydrogen-bonding 
interaction between the pyridine nitrogen localized on the 
macrocycle unit of the naphthalimide rotaxane and the acid 
group of SAM, similarly to what was already evidenced for 
the macrocycle 2 alone grafted onto SAM. 25  

Figure 4 shows the S 2p core level region for the SAM 
functionalized with the naphthalimide rota.xane: the fitting of 
the experimental curve clearly shows two contributions, one 
where the S 2P3'2  is found at 161.9 eV and which is assigned to 
sulfur bonded to gold, 304 ' and the other component with the S 
2P3'2 peak at 163.7 eV which could be due to a small amount 
of alkanethiols not covalently bonded to the substrate but only 
intercalated between I l-MUA molecules bound to Au or 
physisorbed as a double layer. 30'4 t Alternatively, the second 
component might derive from disulfides formed under the 
influence of the X-rays during spectral acquisition. 42  No 
oxidized species of sulfur can be detected at binding energies 
of 164.8 and 168.5 eV. 4  

Quantitative analysis of XPS spectra allows us to determine 
the yield of functionalization of the SAM with naphthalimide 
rota.xane molecules: from the photoemission peak area of each 
element the amount of that species on the surface is obtained. 
We compared the experimentally determined atomic percentages 
with atomic ratios calculated for different functionalization 
yields of the acid groups of the SAM: in the calculation we 
considered a model surface of 100 thiol chains and computed 
the atomic percentages for C, 0, S. and N (excluding hydrogen 
which cannot be detected by XPS) for coverages of I, 3, 5, 10, 
20, and up to 100 rotaxane molecules. The error on the 

TABLE 1: Comparison between Experimental Atomic 
Percentages Derived from the Photoemission Peak Areas of 
II-MUA Film Functionalized with Naphthalimide Rotaxane 
and Theoretical Values Calculated for Different Coverages 

exptl atomic percentages th 1% th 3% th 5% th l0% 
%C 78.1 k 1.6 78.9 79.3 79.7 80.3 
%0 16.1 	E0.8 13.9 13.2 12.7 11.7 
%S 4.5 ± 0.5 6.7 5.9 5.3 4.2 
% N 1.2 + 0.2 0.6 1.6 2.4 3.8 
N/S 0.27 + 0.05 0.09 0.27 0.45 0.90 

The error on the experimental atomic percentages was estimated 
to be 2% for C, 5% for 0, l0% for S. and 15% for N. 

photoemission peak areas was estimated depending on the 
signal/noise ratio in the spectrum for each element: the carbon 
and oxygen signals are better defined; hence the error was found 
to be 2% and 5%, respectively. Sulfur and nitrogen signals are 
weaker, producing noisier spectra, and therefore more substantial 
errors in the peak areas, estimated at 10% and 15%, respectively. 
Table 1 shows the experimental values obtained from our film 
and the theoretical ones computed for functionalization of 1%, 
3%, 5%, and 10% of the acid groups. C and especially the 0 
signal always contain a contribution of atmospheric contami-
nants, which affect all percentages. Namely, the percentages of 
C and 0 increase and consequently the percentages of S and N 
decrease. However, the N/S ratio, which is not affected by 
contaminants, and the comparison between theoretical and 
experimental data clearly indicate that the functionalization of 
the SAM by the rotaxane molecules is close to 3%, whereas 
the theoretical data assuming that 1%. 5%, or 10% of the acid 
groups are functionalized with rotaxane molecules strongly 
deviate from the experimental data. 

Electrochemistry. The electrochemical properties of 11-
MUA SAMs, both pristine and functionalized with macrocycle 
2 or with naphthalimide rotaxane, were investigated by cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS). Both techniques have been widely used, in either the 
presence or the absence of a redox probe, on one hand to 
determine the size and number of defects in the SAM, and on 
the other to evaluate the double layer capacitance of the modified 
electrode and whence the average thickness of the organic 
layer.'47  Though in CV large potential sweeps (of the order 
of 0.1 to I V) are applied to the electrode/solution interface 
and the resulting dc current is measured, in EIS the interface is 
usually kept at its rest potential and probed by using a small-
amplitude (typically 20 mV) sinusoidal voltage. Hence EIS 
is a much less disturbing technique than CV. 4849  Excitation 
frequencies (/) ranging between 1 mHz and 1 MHz can be used, 
permitting the investigation of phenomena with time scales 
ranging over 9 decades, which may be resolved in principle 
according to their relaxation time. 

Both CV and EIS confirmed the very low level of defects 
present in the I 1-MUA monolayer. in particular. Figure 5 shows 
the CV curves relative to [Fe(CN) 6] 3 '4  reduction/oxidation 
obtained at the unmodified gold electrode (dotted line) and at 
the gold electrode modified with I 1-M1JA (solid line). No 
microelectrode-type behavior, typical of the presence of pinholes 
in the tilm,R was observed in the CV curve associated with the 
II -MUA modified gold surface, indicating that electron transfer 
occurs preferentially by through-film tunneling. 052  The very 
low level of defects in the film was also assessed by performing 
an EIS analysis under the conditions of Figure 6. [The presence 
of unbound or disulfide thiol species evidenced by XPS could 
introduce defect sites in the monolayer; however, the latter did 
not affect the electrochemical blocking behavior of the SAM. 
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Figure 5. Cyclic voltammetiy curves recorded for pure gold electrode 
('")and fora SAM of ll -MUA() in a 0.1 M KCI aqueous solution, 
at 50 mV/s. 

as evidenced by our electrochemical experiments.] In this figure 
the out-of-phase component of the impedance, Z", is plotted vs 
the in-phase one, Z where 7" and 7' are the parametric functions 
of the frequency (Z plot or Nyquist plot).47-48  Figure 6a shows 
the impedance spectra obtained at various potentials: the 
incomplete semicircles that rapidly shrink upon increasing 
overpotential (under the present conditions, the open circuit 
potential, E, coincides with E°1FC(CN6)I34 = 0.18 V) are 
associated with the slow electron transfer kinetics experienced 
by the redox probe at the modified electrode. An alternative 
presentation of the impedance data is shown in Figure 6b where 
the complex capacitance C is displayed (C plot). C is defined 
as l/jwZ, where j = - I and (v is the angular frequency 
(=2xJ). The C plot emphasizes the interface response at higher 

a) 

I 11-MUA 
—.—O.284V 
-"-- 0.400V 

. 	2x1OI 

1x10-I  

frequencies with respect to the Z plot.53,51  Notice that, in the 
framework of an equivalent circuit description of the electro-
chemical thterface, 47 .48  a semicircle in the Z plot corresponds 
to a parallel RC (resistor, capacitor) arrangement and a straight 
vertical line to a series RC arrangement, and vice versa in the 
case of C plot. The prominently blocking behavior of the 11-
MUA monolayer is evidenced by the semicircle observed in 
the C plots in the medium-to-high frequency range, both in the 
presence of the redox couple and in its absence. A second 
(incomplete) semicircle occurring at relatively lower frequencies, 
is associated with a parallel charging path characterized by a 
higher time constant (likely associated with protonationldepro-
tonation and/or diffusion processes, vide infra), whereas only 
in the low-frequency range do slow processes associated with 
charge transfer involving [Fe(CN) 6]314  or diffusion take place 
(compare, in Figure 6b, the two plots obtained in the presence 
and in the absence of the redox probe). The electrical response 
of the interface was described in terms of the equivalent circuit 
shown in Figure 6. R0 represents the solution resistance, Ca 
the double layer capacitance, and R0  the charge transfer 
resistance (related to the exchange current Io  and clearly 
omitted in the case of data obtained in the absence of redox 
couple). The electrical parameters were evaluated by fitting 
procedures, using the CNLS method described by Boukamp. 55  
In analogy with other equivalent circuits proposed for describing 
the electrical behavior of a thick SAM,-` the branch comprising 
the element RSAM, CSAM, and the Warburg element Z, were 
introduced to reproduce the behavior at! < 1 [-Ix. Such elements 
are associated with physical processes occurring at the interface 
such as desorption/adsorption of protons at the terminal acid 
groups' and/or diffusion within the SAM at grain boundaries 
or other defects in the film. 5357  The best-fit values of the various 
elements in the circuit of Figure 6, measured at the E, are 
reported in Table 2. From the value of R 5  obtained at E (=E°), 
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Figure 6. (a) Nyquist plots recorded for a film of 1 l-MUA in a 0.1 M KCI aqueous solution I mM of Fe(CN)6' 4 : 0.1 M of KCI at 0.184 V 
(U). at 0.284 (•), and at 0.400 V (•). (b) C plots recorded for a film of II -MUA in a 0.1 M KCI aqueous solution (A) and 1 mM of Fe(CN) 34  
(U). (c) Representation of the equivalent circuit associated with the electrochemical interface solution/SAM/gold. 
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TABLE 2: Electrical Parameters Associated with the 
Solution/SAM/Gold Electrochemical Interface Obtained from 
Fitting of EIS Spectra of Figure 6 by Using the Equivalent 
Circuit Shown in Schematic Form in the Lower Part of 
Figure 6 

potential, 	R0, 	Rs*ji, 	R, 	C,5, 	CsM.i, 
V 	Q 	kQ 	kQ PFcm 2  uFcm2 10-6 W 

	

0.184 	55.1 	0.485 	60.6 	3.19 	0.752 	0.798 

	

0.284 	55.1 	0.339 	35.4 	3.05 	0.787 	1.270 

	

0.400 	55.1 	0.133 	19.1 	3.00 	0.867 	7.705 

the standard heterogeneous constant, k°, was estimated using 
the equation 48.49 

k°  = (RTIn2F2AC0)( l/R 0 ) 	 ( I) 

and found to be equal to 1.1 x I0 6 cms.On the other hand, 
the value for k° at the clean gold surface is 0.031 cm s - 1 ,511  
whence, according to the relationship for tunneling 

	

kSAM = kA Ue " 	 (2) 

an electronic tunneling factor /3 = 0.93/Cl-I2 was obtained. This 
is in very good agreement with reported values of 6 for 
alkanethiols50 ' 5159  and confirms the highly blocking nature of 
the I l-MUA monolayer. Furthermore, the low value of Cdl 
(Table 2) is also typical of electrodes covered by a well-formed 
SAM of long-chain thiols.'' Within the Helmholtz capacitor 
approximation of the double layer and assuming a dielectric 
constant of the organic layer e = 4 ± 1 ,1   we find from the 
best-fit value for Cdl that the average thickness of the SAM 
amounts to I = ee0/Ca1 = 12.5 ± 0.6 A 2 . Taking into account 
the length of the I l-MUA molecule (16.1 A), this value for I 
indicates that I 1-MUA forms a close-packed SAM with 
molecules tilted between 35° and 40° from the surface normal. 

[To validate the SAM thickness value obtained by capacitance 
measurements, we calculated the average thickness by XPS: 
following the procedure outlined by Whelan et al. (App!. Surf 
Sd. 1998, 134, 144), we calculated the layer thickness for the 
SAM from the data collected on the Au substrate before and 
after immersion in the alkanethiol solution, and we found a 
thickness value of —10 A. This value is comparable but slightly 
lower than the one obtained by electrochemistry because the 
gold surface was analyzed by XPS before immersion in the 
alkanethiol solution and therefore the "clean" Au 4f signal is 

a) 
8,0x104  

11-MUA 
—'--macrocycle2onll-MUA 

necessarily attenuated by the hydrocarbon contaminants from 
the environment, leading to an underestimation of the Au 4f 
signal attenuation by the SAM.] 

Functionalization of the II -MUA monolayer with macrocycle 
2 leads to a sizable modification of its electrochemical proper-
ties. Figure 7a compares the complex capacitance spectra of 
the 11 -MUA functionalized with macrocycle 2 with that of the 
pristine I l-MUA monolayer. A very similar behavior is 
observed at both high and low frequencies. However, the smaller 
semicircle observed for the macrocycle 2 covered SAM, and 
hence the lower value of C,5  (2.1 uF cm 2), suggest that the 
functionalization does not alter significantly the compactness 
of the SAM and that macrecycle molecules form an additional, 
and still relatively densely packed, insulating layer on top of 
the I 1-MIJA monolayer. By assuming in first approximation 
that the same relative permittivity pertaining to the II -MUA 
monolayer may be used also for the SAM functionalized with 
macrocycle 2, an increased Helmholtz capacitor thickness of 
16.9 ± 0.9 A is obtained. 

Analogous results were obtained in the case of 11 -MUA 
functionalized with naphthalimide rotaxane, as shown in Figure 
7b, where the C plot relative to the pristine 11 -MUA monolayer 
is compared to the C plot relative to II -MUA functionalization 
with naphthalimide rotaxane. Apparently, only the capacitive 
properties of the film are affected by functional ization because 
the EIS spectra display the same high-frequency semicircle, but 
with a significant decrease of diameter. The corresponding C,t 
value (2.4 pF cm -2) is very close to that measured for the 
macrocycle 2 film: this suggests the rotaxane molecules are 
arranged with the thread parallel to the surface, in agreement 
with a grafting process in which the pyridine moieties, localized 
on the macrocycle are hydrogen-bound to the acid groups. In 
fact, if one considers the size of the naphthalimide molecular 
shuttle (the linear thread's length is about 35 A and the 
macrecycle's diameter - 10 A), the average thickness estimated 
by capacitance measurements is justified only on the basis of 
an orientation of the molecule with the thread parallel to the 
I l-MUA surface and the macrocycle plan perpendicular to it. 
Moreover, the orientation of the rotaxane molecules gives an 
explanation of the low functionalization yield estimated by 
XPS: by relating the size of a naphthalimide rotaxane molecule 
to the distance between two sulfur atoms (which is about 5 A),6° 
one concludes that 3% of functionalization represents a quite 
high level of coverage of the self-assembled monolayer surface. 

b) 
8.0x10 
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rotaxane on 1 1-MUA 
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b 	 \ b 
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Figure 7. (a) C plots recorded for a SAM of 11-MUA () and for a SAM of I I-MUA functionalized with macrecycle 2 (•) in a 0.1 M KCI 
aqueous solution and (b) C plots recorded for a SAM of I 1-MUA () and bra SAM of I I.MUA functionalized with rotaxane (*)in a 0.1 M KCI 
aqueous solution. 
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Figure 8. Fluorescence emission spectra of the rotaxane in acetonitrile 
(blue line), ethanol (green line), and trifluoroethanol (red line), and on 
I l-MUA (black line). 

1,0 
Acetortñle 
Ethanol 

C 

0,8 Tflfluoroethanol 
Rotaxane on 11 -MUA 

0,6 

t O.4  
0,2 

U) 

300 320 340 360 380 400 420 440 

Wavelength (nm) 

Figure 9. Absorption spectra of the rotaxanc in acetonitrile (blue line), 
ethanol (green line), and trifluorocthanol (red line) and fluorescence 
excitation spectrum (A,,,, = 435 nm) of the rotaxane on I l-MUA (black 
line). 

Fluorescence Spectroscopy. The fluorescence emission 
spectra of the naphthalimidc rotaxane on the SAM are shown 
in Figure 8 together with the spectra measured in acetonitrile, 
ethanol, and trifluoroethanol solutions. The fluorescence decay 
times in these solvents are 1.6, 2.3, and 3.3 ns, respectively. 
Unfortunately, the signal from the rotaxane on the SAM was 
too weak to permit a reliable lifetime measurement. The 
excitation spectrum of the naphthalimide rotaxane on the SAM 
is shown in Figure 9, together with the absorption spectra in 
solution. Both the excitation and the emission spectrum, which 
are due to the naphthalene imide chromophore, are substantially 
shifted to lower energy compared to the spectra in solution. 
The similar shapes of the emission spectra can be taken as an 
indication that the emissive species are not essentially different; 
i.e., strong intermolecular associations between the chro-
mophores on the SAM can be ruled out. 6 ' The red shift of the 
spectra is likely to be due to hydrogen bonding between the 
imide carbonyl groups and the carboxylic acids in the SAM. It 
is known for naphthalimides that the fluorescence red shifts with 
increasing polarity and proticity of the solvent. 62  The systematic 
red shift of the bands in the series acetonitrile —  ethanol —
trifluoroethanol correlates with an increase in the hydrogen bond 
donating capacity of the solvents. In solution, the red shift is  

accompanied by a substantial increase of the excited-state 
lifetime. 

The fluorescence results demonstrate that not only the 
pyridine rings, but also the naphthalimide part of the rotaxane 
is strongly interacting with the carboxylic groups of the SAM, 
confirming that the thread is oriented parallel to the surface. 
Strong interchromophore interaction is not apparent. Although 
the fluorescence of the naphthalimide rotaxane molecules is 
partially quenched by the nearby gold surface, it is still easily 
measurable. This implies that it should be possible to detect a 
shuttling process, induced by some external stimulus, by means 
of fluorescence spectroscopy. Design and synthesis of molecular 
systems in which this concept can be realized are in progress. 

4. Conclusions 

A benzylic amide macrocycle and rotaxane have been 
physisorbed onto an acid-terminated self-assembled monolayer 
on gold. XPS characterization suggests that the molecules are 
held in place by hydrogen-bonding between the pyridine 
moieties of the macrocycle and the acid functions of SAM. 
Electrochemical investigations indicate a well-packed and 
ordered self-assembled monolayer with a very low fraction of 
defects, giving reason to the adsorption of macrocycle and 
naphthalimide rotaxane molecules on top of SAM and not 
intercalated between the thiol chains. Moreover, by capacitance 
measurements it was possible to estimate the averaged thickness 
of SAM and SAM functionalized with macrocycle or rotax-
ane: the thickness found for SAM is in agreement with the 
molecular length of I l-MUA thiol assuming a tilting angle of 
35-40° from the normal to the surface, as expected for the 
ordered and stable structure of SAM. The increase in film 
thickness for macrocycle 2 on SAM and naphthalimide rotaxane 
on SAM indirectly confirms the flinctionalization process. in 
addition, from the film thickness and from dimensional con-
siderations the orientation of rotaxane molecules onto the SAM 
surface was inferred, with the thread parallel to the surface and 
the macrocycle plan preferentially perpendicular to the surface 
in the conformation useful for the interaction of one pyridine 
moiety with an acid group. The fluorescence properties of 
naphthalimide rotaxane adsorbed on the acid-terminated SAM 
on gold showed that fluorescence is partially quenched due to 
the gold substrate; however, it is still easily measurable because 
of the presence of the intermediate SAM reduces the quenching 
effect. Moreover, the photophysical analysis clearly indicated 
that also the naphthalimide part of the rotaxane is strongly 
interacting with the carboxylic groups of the SAM, which 
validates the orientation of the molecules with the thread parallel 
to the surface, as inferred from electrochemistry. 
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Scheme 1 

SiC4  units. The integral ratios were reproduc-
ible, with varying pulse delay times between 3 
and 30 s, indicating that the 29Si nuclei were 
sufficiently relaxed to give accurate integrals. 
Nitrogen isotherms demonstrated the ordered 
mesoporous nature of both PMD-2 and PMD-
3 by showing typical type-IV isotherms. The 
BET surface areas were 775 m 2  g (PMD-2) 
and 767 m2  g (PMD-3). The BJH analysis 
revealed a narrow pore size distribution with 
average pore sizes of 9.1 nm (PMD-2) and 8.2 
nm (PMID-3), which is consistent with the 
TEM data. 

Molecular-level motors differ from their 
macroscopic counterparts not only in scale 
but in how environmental factors influence 
their operation. Macroscopic machines are 
generally unaffected by ambient thermal 
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energy, and a directional force must be 
applied to cause movement of each compo-
nent. For molecular-sized motors, however, 
inertia is negligible and the parts are subject 
to random and incessant Brownian motion 
(I). Rather than fight this effect, biological 
motors use these random fluctuations in their 
mechanisms (2). For example, in F 1 F0-
adenosine triphosphatase (ATPase), which 
spins the y shaft counterclockwise (viewing 
F 1  from above) as proton-motive force 
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powers ATP production and clockwise if 
ATP is consumed to drive proton flow against 
a concentration gradient (3), Brownian mo-
tion drives both the power and exhaust 
strokes (2). Inspired by such biological motors 
and by Feynman's celebrated discussion (4) of 
the miniature ratchet and pawl first intro-
duced (5) by Smoluchowski. efforts have 
been made to design molecules that exhibit 
directional control over submolecular rota-
ry motion (6-10). Unidirectional rotation 
about single (11, 12), double (13-16), and 
mechanical (17) bonds has been achieved, 
but unlike F I FO-ATPase, these artificial 
motor molecules are only able to rotate in 
one direction but not the other. We now re-
port on a molecular structure in which a 
fragment can be circumrotated in either 
direction, and we probe features of the 
underlying mechanism. 

During the past decade, a number of 
remarkable theoretical formalisms have 
been developed using nonequilibrium sta-
tistical physics that explain how various 
types of fluctuation-driven transport can 
occur (18. 19). Underlying each of these 
Brownian ratchet or motor mechanisms are 
three components (20): (i) a randomizing 
element (21), (ii) an energy input to avoid 
falling foul of the Second Law of Thermo-
dynamics (22, 23), and (iii) asymmetry in 
the energy or information potential in the 
dimension in which the motion occurs. 

A Reversible Synthetic 
Rotary Molecular Motor 

José V. Hernãndez, Euan R. Kay, David A. Leigh 

The circumrotation of a submolecutar fragment in either direction in a syn-
thetic molecular structure is described. The movement of a small ring around 
a Larger one occurs through positional displacements arising from biased 
Brownian motion that are kinetically captured and then directionally released. 
The sense of rotation is governed solely by the order in which a series of 
orthogonal chemical transformations is performed. The minimalist nature of 
the [2]catenane flashing ratchet design permits certain mechanistic compar -
isons with the Smotuchowski-Feynman ratchet and pawl. Even when no work 
has to be done against an opposing force and no net energy is used to power 
the motion, a finite conversion of energy is intrinsically required for the mo-
lecular motor to undergo directional rotation. Nondirectional rotation has no 
such requirement. 
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Fig. 1. A flashing ener- 
gy ratchet mechanism  
for 
transport  

dilating potential ener- 
gysurface.  

Fig. 2. (A) Schematic A 
illustration and (B) po- 

	

tential energy surface 	lI(.J'')Hl!IrI for the the small light blue 
ring in a minimalist 
[2]catenane rotary mo-
lecular motor, 1. The 
ring preferentially re- -o'.o -61-41 
sides on one or other 
of the two binding 
sites (stations), rep-
resented by colored 
cylinders. The colored _.Q. 
spheres are bulky 
groups, each of which 
sterically blocks one 
of the two tracks be- B 
tween the stations.  
The blue-to-green and 
green-to-blue trans-
formations represent 
(balance-breaking) 
chemical reactions 
that change the bind-
ing affinity of a sta-
tion for the small ring, 
providing a driving 
force for the ring to 
redistribute itself be- 

.-G __L 
tween the stations if 
it is able to be ex- 
changed between them. Station affinity: 0 >0> 
Removal of a red or 
purple sphere (linking reaction) allows the ring to move between stations by a particular 
route. Reattachment of the sphere (unlinking reaction) ratchets the net transported quantity 
of rings. 

Such ratchet mechanisms not only account 
for the general principles behind biological 
motors (24-27) but have also been success-
fully applied to the development of trans-
port and separation devices for mesoscopic 
particles and macromolecules, microfluidic 
pumping, the photoalignment of liquid 
crystals, and quantum and electronic appli-
cations (26, 28-31). 

A flashing ratchet is a particular type of 
energy ratchet mechanism (25), a classic 
example of which consists in physical terms 
(Fig. I) of an asymmetric potential energy 
surface (a periodic series of two different 
minima and two different maxima) along 
which a Brownian particle is directionally 
transported by sequentially raising and 
lowering each set of minima and maxima 
by changing the potential (for example, 
with an oscillating electric field and a 
charged particle). Catenanes and rotaxanes, 
molecules in which components are physi-
cally linked together but not connected by 
covalent bonds, are excellent systems with 
which to study characteristics of submolec-
ular motion (8). The mechanical linkage 
inherently restricts certain degrees of free-
dom for the relative displacement of the 
interlocked components while simulta-
neously permitting large-amplitude motion 
in the allowed vectors. The way in which the 
principles of an energy ratchet can be ap-
plied to a catenane architecture is not to 
consider the whole structure as a molecular 
machine, but rather to view one macrocycle 
as a motor that transports a substrate—the 
other ring—directionally around itself. In its 
simplest manifestation, this gives rise to a 
[2]catenane such as 1 (Fig. 2) that should be 
able to unidirectionally rotate the smaller 
ring about the larger one in response to a 
series of chemical reactions. 

There are several differences, howev-
er, between the flashing ratchet particle 
transport mechanism in Fig. I and the one 
applied to catenanc I in Fig. 2: (i) The 
molecular system is cyclic, so the transla-
tional transport along a periodic energy 
potential becomes a directional rotation 
around a two-minima-two-maxima loop; 
(ii) only one energy minimum is varied for 
1, not both (which is sufficient to ensure 
that the energy difference between the two 
minima changes twice); and (iii) the single 
steps that simultaneously change minima 
depth and maxima height in the classical 
energy ratchet mechanism are separated 
into their thermodynamic and kinetic con- 

stituenls in the chemical system. Despite 
these differences, the physical principles 
behind the two mechanisms are the same. 

In chemical terms, catenane 1 is a 
stimuli-responsive molecular shuttle (8,32) 
with two routes (each of which can be 
independently blocked) that connect the two 
binding sites or "stations" for the small 
macrocycle (Fig. 3). To satisfy oneself that 
internal motion within a chemical structure 
can be described in terms of a stochastic 
transport mechanism, it is useful to consider 
how the net change of position occurs within 
a typical stimuli-responsive molecular shut-
tle (32). At equilibrium, the small macro-
cycle is distributed between two different 
stations (an asymmetric track) according to a 
Boltzmann distribution. An external trigger 
(the energy input) chemically modifies one 
binding site in such a way that the initially 
disfavored station becomes energetically 
more favorable for the macrocycle. Thermal 
fluctuations (the randomizing element) pro-
vide the energy required by the small 
macrocycle to sever its interactions with a 
station and set off on a Brownian walk  

through which the new equilibrium position 
is established. 

Catenane I was prepared as the fum-E-1 
(33) isomer according to Fig. 3 (34. 35). Net 
changes in the position or potential energy of 
the smaller ring were sequentially achieved 
by (i) photoisomerization to the maleamide 
(-.mal-Z-1) (36, 37); (ii) de-silylation/re-
silylation (-'succ-Z-l); (iii) reisomerization 
to the fumaramide (-tsucc-E.l); and finally. 
(iv) de-tritylation/re-tri tylation to regenerate 
fum-E-1, the whole reaction sequence pro-
ducing a net clockwise (as drawn in Fig. 3) 
circumrotation of the small ring about the 
larger one. Exchanging the order of steps (ii) 
and (iv) generated the equivalent counter-
clockwise rotation of the small ring. The 
time scales and number of reactions involved 
for directional rotation in 1 make it some-
what less practical than the methods previ-
ously developed for nonreversible synthetic 
rotary motors (11-17). Nevertheless, the 
chemistry is surprisingly robust and can be 
carried out as a direct sequence of reactions 
without purification at each stage, using 
resins to neutralize or remove excess re- 
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Fig. 3. Synthesis route and operation of reversible rotary motor 1. Reagents and conditions (unless 

otherwise stated, reactions were carried out at room temperature and in CH 2Cl2) were as follows: 
step a, succinyt chloride. triethylaniine (EtN), and N,N-dimethyformamide (DMF) 0°C. 2 hours, 80%; 
step b, t-butytdiphenylsilyl chloride (TBDPSCI), NH 4NO3, DMF, 8 hours. 30%; step c, tntyl chloride 

(TrCI). Bu4NCI04, 2,4,6-collidine, CHCI 3, 61°C. 2 hours, 86%; step d, NaBH 4, LiCI, tetrahydrofuran and 

ethanol, 8 hours, 79%; step e, FmocNH(CH 2), 0C05H. dicyclohexylcarbodiimide (DCC), 1-
hydroxybenzotriazole (HOBt). 4-(dimethylamino)pyridine. 8 hours, 85%; step f. Et 2NH. 8 hours, 

73%; step g. fumaric acid, DCC. HOBt, 0-1(1 3, 8 hours, 52%; step h, 8 equivalents of isophthaloyt 

dichloride, 8 equivalents of p-xylylenediamine. Et 3N, CHCI3, 3 hours. 30%; step i, tetrabutylammo-
nium fluoride (TBAF), 20 min then coot to -10°C and add 2.4.6-collidine, t-butytdimethylsily( 
triflate (TBDMSOTO. 40 mm. overall 72%; step j, hv 254 nm, 5 mm, 50%; step k. TBAF, 20 mm 
then cool to -78°C and add 2,4,6-collidine, TBDMSOTf, 1 hour, overall 61%; step L piperidmne, 1 

hour, -100%; step m, Me 2S-BCI 3, -10°C. 10 mm, and then TrCI, Bu 4NCIO4, 2,4,6-collidine, 16 

hours, overall 74%; step n, Me 2 S-BCI 3, -10°C, 15 mm, then cool to -78°C and add 2,4,6-collidine, 
TrOTf, 5 hours, overall 63%; step o, TBAF, 20 mm, then cool to -10°C and add 2,4,6-collidine. 
TBDMSOTf, 40 mm, overall 76%. The above refer to preparative yields of isolated compounds. Net  

clockwise circumrotation was also achieved in one pot through the successive addition of reagents 

tofum-E-1 in the following sequence ( 1 H NMR-determined percentage conversions are given in 

parentheses): step j, hv 254 nm, 5 mm (50% mal-Z-1 present); step k, 4 equivalents of TBAF. 20 
mm, cool to -78°C and add 30 equivalents of TBDMSOTf and 30 equivalents of 44,6-collidine, 

30 min,  then 60 equivalents of Wang resin, Dowex MR mix ed  bed ion-exchange resin and activated 

4 A molecular sieves, decant (-33% succ-Z-1 present); step 1, 20 equivalents of piperidine, 1 hour, 

then Dowex MR mixed bed ion-exchange resin, decant (-33% succ-E-1 present); step m, 1 

equivalent of Me2S-BCI3, -10°C, 5 mm, and then add 25 equivalents of 24,6-collidine and 20 

equivalents of TrOTf. 1 hour (-90% fum-E-1 present; -28% of the total molecules in the sample 

having undergone circumrotation). The chiratity of 1 is present only for synthetic convenience. 
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agents and byproducts, with only modest re-
ductions in yields indicated by 'H nuclear 
magnetic resonance (NMR) spectroscopy. 

Unlike the previously reported (17) 
[3]catenane rotor, which relied on the dy -

namics of model compounds to determine 
stimuli-induced unidirectional behavior, the 

sense of rotation in i was demonstrated 
directly by isolation of samples of the 
[2]catenane after each synthetic step and 

the position of the small ring unambiguously 

determined by 'H NMR (Figs. 4 and 5). 
Shielding effects reveal the position of the 
small macrocycle in each of the four 
catenane isomers. Comparison of the spec-
trum of fim-E-1 (Fig. 4A) with that of the 

macrocycle E-2 (Fig. 4B) shows a downfield 

shift of the H1  protons of the fumaramide 

station but not the succinamide group (H h) in 

the catenane. In contrast. .rucc-E- I (Fig. 4C) 

features a -1.3 parts per million difference in 
the H b protons but little change in the signals 
of the fumaramide residue. The macrocycle 
is similarly located over the succinainide 

residue in .cucc-Z-I (see, for example, the 

shifts of H  in Fig. 5, B and C). Finally, al-
though the small ring does not spend too 
much time actually over the poorly binding 

maleamide station in mal-Z- 1 (as evidenced 

by the relatively small shift in H in Fig. 5A 
as compared to Fig. 513). it is clearly trapped 
on the maleamide side of the silyl and trityl 

blocking groups because of the lack of shield-
ing of the succinamide signals (H,, are un-

changed between Fig. 5A and Fig. SB) and 

some significant shielding observed for H h  
Biological motors are too complex for the 

thermodynamic function of individual amino 
acid movements to be unravelled in detail. In 
contrast, the apparent simplicity of I and the 
minimalist nature of its design allow insight 
into the fundamental role that each part of 

the structure plays in the operation of the 
rotary machine. 

The various chemical transformations per-

form two different functions: One pair (the 

linking/unlinking reactions, steps k and m or n 

and o in Fig. 3) modulates whether the small 

macrocycles can be exchanged between the 

two binding sites on the big ring (that is, allow 

the small macrocycle to become statistically 

balanced between the two binding sites ac-

cording to a Boltzmann distribution); the sec-
ond pair (balance-breaking reactions, steps j 
and I in Fig. 3) isomerize the olefin station 

(either E-rZ or Z-.E), switching its binding 

affinity for the small macrocycle either on or 

off (37). By changing the relative binding af-

finities of the two stations in the large ring, 
each balance-breaking stimulus provides a 
driving force for redistribution of the small 

ring if it is able to move between the binding 

sites. In other words, the stations and blocking 

groups effectively disconnect the thermody-

namic and kinetic components of detailed 

1534 	 26 NOVEMBER 2004 VOL 306 SCIENCE www.sciencemag.org  



REPORTS 

balance (22, 23): the balance-breaking reac- 	lowed by re-tritylation generates 50% succ2-3 	sequence leads to a final product mixture, 
lions control the thermodynamics and impetus (and 50% remains as succl-3). Treatment of which again is SO% succi-3 and 50% succ2-3. 
for net transport by biased Brownian motion, this mixture with a de-silylation/re-silylation However, half of the molecules that are now 
and the linking/unlinking reactions largely 
(38) control the relative kinetics and ability 	A 
to exchange. Raising a kinetic barrier also 
"ratchets" transportation, allowing the sta- 	 8 

preceding net transportation sequence. Low- 

A 
tistical balance of the small ring to be sub- 	 I 

sequently broken without reversing the 	C 	D 

ering a kinetic barrier allows "escapement" of 	 .' J 11 

a ratcheted quantity of rings in a particular  
direction. 

To obtain 360° rotation of the small ring 	B 

about the large ring, the four sets of reactions 	 * 	) 
must be applied in one of two sequences, each 

I 

taking the following form: first a balance- 
b 

breaking reaction; then a linking/unlinking 
step; then the second balance-breaking re-
action; finally, the second linking/unlinking I 

step. The direction of net rotation is deter- 	 F' 
mined solely by the way in which the balance- 	c 	A I 
breaking and linking/unlinking steps are 
paired: an external input of information. The 	 c 	 I 

 I Ill' 
efficiency or yields of the reactions or the p0- 

sition of the ring at any stage (even if the 
machine makes a "mistake") are immaterial 
to the direction in which net motion occurs,  

as long as the reactions continue to be ap- 
plied in the same sequence. Although re- 9 	8 	7 	6 	5 	4 	3 	2 	1 	0 
versing the sequence of the four steps 
changes the pairings and so rotates the small 	 8(ppm) 
ring in the opposite direction, reversing the 	Fig. 4. 1 H NMR spectra (400 MHz. CDCL

1 
 at 298 K) of (A) [2]catenanefum-E-1, (B) macrocyde E-2, 

entire sequence of six chemical reactions 	and (C) [2]catenane succ-E-1. The color coding and lettering correspond to those shown in Fig. 3. 
does not, because linking/unlinking opera- 
tions are not commutative. 	 A 	 I 

We finish the circumrotation reaction 
sequence with the same molecule, fum-E-1, 
that we started with (although a 360° rotation 8 

11 

fueled balance-breaking reaction is reversed 

+1+1 of one fragment has occurred), and the light- 	 o 
 _J1 

by a quantitative exoergic reaction, so no net 
energy is consumed to fuel the rotation. This 
is in one sense obvious, because the move-  
ment of the small ring takes place through 	B 	

d+h 
Brownian motion and does not have to be 	/ 
powered; and in another somewhat surprising, 
because directional circumrotation of the 
small ring has occurred, which could be used 
to do external work--Analogous to the hypo -
thetical lifting of a flea by the Smoluchowski- I I 
Feynman ratchet and pawl (4). However, if 	I 	 I 
the [2)catenane does do work against an 	c 
opposing force, the energy required is taken 	

A from the balance-breaking reactions. If the 	c 
balance-breaking chemical reactions do not 
actually fuel the net rotation, is it really 
necessary to carry them Out? At first glance 
it seems that the small ring in a [2]catenane 
such as 3 might undergo directional circum-
rotation without them (Fig. 6). 9 8 7 6 5 4 3 2 1 0 

Let us consider the situation in which 
1001/6 of the small rings are initially located on 	 ö(ppm) 
the succinamide station closest to the block- 	Fig. S. 1 H NMR spectra (400 MHz, CDCI 3. at 298 K) of (A) [2]catenane mat-Z-1, (B) rnacrocyde Z- 
ing groups: 1001/6 succl-3. De-tritylation fol- 	2, and (C) 121catenane succ-Z- 1. 
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succl -3 (25% of the total molecules) have 

undergone a 3600  clockwise circumrotation 

of the small ring, and all of the succ2-3 
structures (50% of the total molecules) have 

undergone a 180° rotation of the small ring 

(half clockwise, half counterclockwise). The 

remaining 25% of total molecules have 

undergone no net positional change of the 

small ring, and so the average for the sam-

ple is a 90° clockwise rotation without ap-

plying any chemical reactions to change the 

relative values of the two stations' energy 

minima. When we apply the sequence of re-

actions for a second (or any subsequent) 

time, however, although 75% of the mol-

ecules again individually undergo partial or 

complete revolution of the small ring, no net 

rotation occurs in either direction over a bulk 

sample. The 50% of molecules that start as 

succl-3 give a net 90° clockwise rotation in 

response to the linking/unlinking sequence, 

and the 500/6 that start as succ2-3 rotate an 

equivalent amount in a counterclockwise 

sense. A statistically significant number of 

catenane 3 molecules can only undergo net 

unidirectional rotation if the distribution of 

the small macrocycle between the binding 

sites is unbalanced at the start of the reaction 

sequence. 
We can use some simple thermodynamic 

accountancy to calculate both the maximum 

amount of mechanical work that can be done 

by I and how much chemical energy has to be 

processed to cause directional motion of the 

small ring even if no work needs to be done 

against an opposing external force. The ener-

gy available to do work each time the small 

ring changes station equates to the macrocycle 

binding energy differences between the two 

sites (32). The light-fueled E-oZ transforma-

tion allows up to Ei ,0mui  ru g  o. .c-Z-i) - 

AE( , n ,*II nng in ,,,ui.-i 
to be performed during 

the subsequent linking step and the piperidine-

catalyzed Z--+E reaction permits a further 

&E inau  ring  in /u,,,-E-I) - AE(milI mg in o.oc'-E-i) 

sl4 
i.Bu-Sl-O \ 	

' 	 CM2 

0 K~11 

(3  
(C 	 (CH2)9  

(Fig. 3). Because AE(- ,, r,ng in .,0r,-Z-I) 

the maximum total 

mechanical work that can be performed by 

circumrotation is AE1511  ring 	f,o,-E-1) - 

•., 	that is, the difference 

in small ring binding affinity between the 

funiaramide and maleamide stations. It is in-

teresting to note that the binding affinity of 

the intermediate station is irrelevant to the 

amount of work that can be carried out by the 

molecular motor. 

A quantitative thermodynamic require-

ment for unidirectional rotation of the small 

ring is provided by the difference between 

the free energies of the sequence of reactions 

j, k, I, m earned out onfum-E-1 and the same 

series of reactions applied to the macrocycle. 

E-2. The thermodynamics associated with the 

linking/unlinking steps cancel out (39). How-

ever, the E-.Z isomerization step (step j) for 

the catenane is inherently more endothermic 

than the analogous reaction on the macro-

cycle because of the additional energy nec-

essary to disrupt the hydrogen bond network 

of the small ring with the fumaramide station. 

The extra energy required to raise the poten-

tial energy of the transported particle (again, 

the difference in small ring binding ener-

gies of the fumaramide and maleamide sta-

tions) is returned to the thermal bath upon 

reisomerization to fumaramide and subse-

quent repositioning of the macrocycle. This 

requirement of extra energy to be processed 

by the system for the molecular machine to 

rotate directionally even when no work has to 

be done against an external force is once more 

reminiscent of the Smoluchowski-Feynman 

ratchet and pawl, which Feynman appreciated 

could be driven directionally by Brownian 

motion using heat flow between two thermal 

reservoirs; for example, by having the vanes 

attached to the shaft of the Feynman ratchet 

be hot and the wheel cold (40-42). We note 

that the amount of additional chemical ener-

gy that must be processed for directional rota- 

Lion to occur in the catenane is the sum of the 

energy differences that govern the Boltzmann 

distribution of the small ring between the 

binding sites at each stage; that is, the factor 

that determines the directional efficiency of 

the motor at constant temperature. 

Mechanisms formulated from nonequilib-

rium statistical mechanics can be successful-

ly used to design synthetic molecular motors 

such as I. In turn, the analysis of this 

deceptively simple molecule, particularly 

the separation of the kinetic and thermody-

namic requirements for detailed balance, 

provides experimental insight into how and 

why an energy input is essential for direc-

tional rotation of a submolecular fragment 

by Brownian motion. Even though no net 

energy is used to power the motion, there has 

to be a particular amount of energy conver-

sion for net rotation to be directional over a 

statistically significant number of molecules; 

a requirement that is absent if the equivalent 

motion is nondirectional (or. indeed, for 

directional rotation within a single molecule 

where balance is inherently broken). The 

quantity of energy conversion required to 

induce directionality has an intrinsic lower 

limit, corresponding exactly (and somewhat 

beautifully) to both the energy difference 

that determines the directional efficiency of 

rotation and the maximum amount of work 

that the motor can theoretically perform in a 

single cycle; there can be no perpetually 

unidirectionally rotating molecular structure 

of the second kind through such a mecha-

nism. The factors that determine the sense of 

rotation in I, together with the requirement 

for finite energy conversion for directional 

rotation in circumstances when no work is 

done against an external force, illustrate how 

interplay between informational and thermo-

dynamic laws governs directional Brownian 

rotation in molecular structures. 
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However, the production and character-

ization of high-quality diamond, especially 
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opens the possibility for hetero- and homo-

epitaxial growth of CVD diamond layers up 

to some mm thickness (8, 9). One main aim 
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1017 atomslcmt up to about 10' atoms/cm 3  

in the bulk of polycrystalline diamond layers 

(12). Also, several hydrogen-related com-

plexes were identified (13-15). However, 

there is insufficient information about the 

quantity and the spatial distribution of these, 

and perhaps as-yet-unidentified, types of 
hydrogen-related defects. It is even unknown 

whether most of the hydrogen being detected 

in diamond is concentrated at grain bound-

aries, inclusions, and other extended defects 

or whether hydrogen is distributed homo-

geneously throughout the bulk at defects of 

atomic dimensions. The decrease of the hy-

drogen content with increasing size of the 

crystallites inside polycrystalline CVD dia-

mond layers, as well as infrared (15) or elec-

tron spin resonance studies (16). indirectly 

indicate that most of the hydrogen is situated 

at grain boundaries. Another explanation, how-

ever, is that there is reduced defect density 

within the grains with growing film thick-

ness. Information about the absolute quantity 

of hydrogen inside the grain compared with 
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Fig. 1. Hydrogen analysis by pp scattering. The 
two protons emitted from a proton scattered 
at a hydrogen nuclei of the sample are de-
tected in coincidence by a suitable detection 
system (25). 

Three-Dimensional Hydrogen 
Microscopy in Diamond 

P. Reichart,'I*t C. Datzmann, 1  A. Hauptner, 1  R. Hertenberger52  
C. Wild," C. Dot(inger 

A microprobe of protons with an energy of 17 million electron volts is used to 

quantitatively image three-dimensional hydrogen distributions at a lateral 

resolution better than 1 micrometer with high sensitivity. Hydrogen images 
of a -1 10>-textured undoped polycrystalline diamond film show that most of 

the hydrogen is located at grain boundaries. The average amount of hydrogen 
atoms along the grain boundaries is (8.1 ± 1.5) x 10 14  per square centimeter, 

corresponding to about a third of a monolayer. The hydrogen content within 

the grain is below the experimental sensitivity of 1.4 x 1016  atoms per cubic 
centimeter (0.08 atomic parts per million). The data prove a low hydrogen 

content within chemical vapor deposition-grown diamond and the impor-

tance of hydrogen at grain boundaries, for example, with respect to electronic 

properties of polycrystalline diamond. 
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Synthetic Molecular Machines 

Euan R. Kay and David A. Leigh 

7.1 
Introduction 

The widespread use of molecular-level motion in key natural processes suggests that 
great rewards could come from bridging the gap between the present generation of 
synthetic molecular systems - which usually rely on electronic and chemical effects 
to perform their functions - and the machines of the macroscopic world, which uti-
lize the synchronized movements of smaller parts to perform particular tasks. In re-
cent years it has proved relatively straightforward to design synthetic molecular sys-
tems in which positional changes of submolecular components occur by moving en-
ergetically downhill, but what are the structural features necessary for molecules to 
use directional displacements to do work? How can we make a synthetic molecular 
machine that pumps ions against a gradient, for example, or moves itself energeti-
cally uphill along a track? Artificial compounds that can do such things have yet to be 
realized; the field of synthetic molecular machines is still in its infancy and only the 
most basic systems - mechanical switches and slightly more sophisticated, but still 
rudimentary, molecular rotors - have been made thus far. In this chapter we outline 
the early successes in taming molecular-level motion and the progress made toward 
utilizing synthetic molecular structures to perform mechanical tasks. We also high-
light some of the challenges and problems that must still be overcome. 

The path toward synthetic molecular machines starts nearly two centuries ago, 
with the discovery of the random nature of molecular-level motion. In 1827, the Scot-
tish botanist Robert Brown noted through his microscope the incessant, haphazard 
motion of tiny particles within translucent pollen grains suspended in water. Subse-
quent investigations of both biological and inorganic materials led to the realization 
that all objects are subject to constant buffeting by their surroundings, as a result of 
the motions which intrinsically occur at the molecular level. A complete explanation 
of the phenomenon - now known as Brownian motion or movement - had to wait 
for Einstein nearly 80 years later, but ever since scientists have been fascinated by the 
stochastic nature of molecular-level motion and its implications. In exciting develop- 
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ments over the past decade, theoretical physics has explained how random, direc-
tionless fluctuations can cause directed motion of particles [1, 21 which successfully 
accounts for the general principles behind biological motors [3]. The chemist's inter-
est in the creation, behavior, and control of molecular structures means that an un-
derstanding of the physics involved can now help him/her to design artificial struc-
tures which perform mechanical operations at the molecular-level and transpose 
those effects to the macroscopic world. Nature provides proof that such an approach 
is possible in the form of ion pumps, motor proteins, photoactive proteins, retinal, 
and many other natural products [4]. Indeed, biological structures have already been 
incorporated into semi-synthetic biomaterials which can perform "unnatural" me-
chanical tasks [5]; now the synthetic chemist is trying to create functional molecular 
machines from scratch. Initially, such systems will probably be simpler and less ef-
fective than their biological counterparts, yet there is no reason to suggest that one 
day they might not be just as powerful or ubiquitous. 

7.1.1 
Molecular-level Machines and the Language Used to Describe Them 

It has been suggested that problems arise as soon as a scientific definition is estab-
lished. In fact, of course, language scholars tell us that precisely the opposite is true. 
Language - especially scientific language - must be suitably defined and correctly 
used to accurately convey concepts in a field. Nowhere is the need for accurate scien-
tific language more apparent than in the discussion of the ideas and mechanisms by 
which nanoscale machines could - and do - operate. Much of the terminology used 
comes from phenomena observed by physicists and biologists, but unfortunately 
their findings and descriptions have sometimes been misunderstood and misapplied 
by chemists. Perhaps inevitably in a newly emerging field, there is not even clear 
agreement in the literature about what constitutes molecular machines and what dif-
ferentiates them from other molecular devices [6]. Initially, categorization of mole-
cules as machines was purely iconic - the structures "looked" like pieces of machin-
ery - or they were so-called because they carried out a function that in the macro-
scopic world would require a machine to perform it. Many of the chemical systems 
first likened to pistons and other machines were simply host—guest complexes in 
which the binding could be switched "on" or "off' by external stimuli such as light. 
Although these early studies were unquestionably the key to popularizing the field, 
with hindsight consideration of the effects of scale tells us that supramolecular de-
complexation events have little in common with the motion of a piston (the analogy 
is better within a rotaxane architecture, because the components are still kinetically 
associated after decomplexation) and that a photosensitizer is not phenomenologi-
cally related to a "light-fuelled motor". In fact, it is probably most useful differentiate 
"device" and "machine" on the basis that the etymology and meaning of "machine" 
implies mechanical movement - i.e. at the molecular level a net nuclear displacement 
- which causes something useful to happen. This leads to the definition that "mo-
lecular machines" are a subset of molecular devices (functional molecular systems) 
in which a stimulus triggers the controlled, large-amplitude mechanical motion of 
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one component relative to another (or of a substrate relative to the machine) which 
results in a net task being performed. In this chapter we shall not discuss the larger 
field of supramolecular devices but will limit our discussion to approaches to ma-
chines, systems that actually feature some control over molecular-level motion. The 
examples given illustrate this point and help demonstrate the requirements for me-
chanical task performance at the molecular-level. 

7.1.2 
Principles of Motion at the Molecular Level - the Effects of Scale 

The random thermal fluctuations experienced by molecules dominate mechanical 
behavior in the molecular world. Even the most efficient nanoscale machines - the 
motor proteins found in Nature - are swamped by its effect. A typical motor protein 
consumes ATP fuel at a rate of 100-1000 molecules every second, corresponding to a 
maximum possible power output in the region 10-16  to 1(yll W per molecule. When 
compared with the random environmental buffeting of-10 -8  W experienced by mol-
ecules in solution at room temperature, it seems remarkable that any form of con-
trolled motion is possible [1]. 

The constant presence of Brownian motion is not the only distinction between mo-
tion at the molecular-level and in the macroscopic world. Because the physics which 
govern mechanical dynamic processes in the two regimes are completely different, 
vastly different mechanisms are required for controlled transport or propulsion. In 
the macroscopic world the equations of motion are governed by inertial terms (de-
pendent on mass). Viscous forces (dependent on surface areas) dampen motion by 
converting kinetic energy into heat and objects do not move until provided with spe-
cific energy to do so. In a macroscopic machine this is often provided through a di-
rectional force when work is done to move mechanical components in a particular 
way. As objects become less massive and smaller in dimension, inertial terms de-
crease in importance and viscous terms begin to dominate. A parameter which quan-
tifies this effect is Reynolds number - essentially the ratio of inertial to viscous forces 
- given by Eq. (1) for a particle of length dimension a, moving at velocity v, in a medi-
um with viscosity 1J and density p [ fl: 

R 
'l 	 (1) 

Size affects modes of motion long before we reach the nanoscale. Even at the meso-
scopic level of bacteria (length dimensions —10 m), viscous forces dominate. At the 
molecular level, Reynolds number is extremely low (except at low pressures in the gas 
phase) and the result is that molecules, or their components, cannot be given a one-
off "push" in the macroscopic sense - momentum has become irrelevant. The mo-
tion of a molecular-level object is determined entirely by the forces acting on it at that 
particular instant - whether they be externally applied forces, viscosity or random 
thermal perturbations and Brownian motion. In more general terms, this analysis 
points to a central tenet - although the macroscopic machines we encounter in every- 
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day life may provide the inspiration for what we might like molecular machines to 
achieve, drawing too dose an analogy for their modes of operation is a poor design 
strategy. The "rules of the game" at different length scales are simply too different. 
Two basic principles must be followed for any molecular device to be able to carry out 
a mechanical function: 
• First, the movement of the kinetically-associated molecules or their components 

must be controlled by employing interactions which restrict the natural tendency 
for three-dimensional random motion and, somehow, bias, rectif,, or direct the 
motion along the required vectors. 

• Second, the Second Law of Thermodynamics tells us that no machine can contin-
ually operate solely using energy drawn from the thermal bath, so an external in-
put of energy is required to perform a mechanical task with any synthetic molecu-
lar machine. 

Learning how to make successful designs based on these two principles is the sub-
ject of the rest of the chapter. 

7.2 
Controlling Conformational Changes 

Consideration of the restriction of thermal motion in chemistry first arose in regard 
to a fundamental question of molecular stereochemistry [8]. The rotational triple en-
ergy minima about C—C single bonds follows directly from the tetrahedral geometry 
of saturated carbon centers, yet it was not proven experimentally until 1936 [9]. In the 
1960s and 70s sterically crowded systems were synthesized which included examples 
of different atropisorners of constitutionally identical chemical structures and char-
acterization of rotamerization about sp 2—sp3  and sp3—sp3  linkages, elegantly illustrat-
ed by the triptycenes investigated byOki and coworkers (for example 1, Fig. 7.1) [10]. 

These studies inspired the first molecular analogs of macroscopic machine parts - 
propellers and gears [11]. Linking 9-triptycyl units through an sp 3  linker, Iwamura 
and Mislow independently created "molecular gears" such as 2 in the early 1980s. In 
2, the blades of each triptycyl group are tightly intermeshed so that rotation of one 
unit is inextricably linked to the other - if A rotates clockwise, B must rotate counter- 

CH3OCH3 	 A

CB 

Figure 7.1 Triptycene derivatives 1 and 2 with hindered and 
correlated rotation around C—C bonds. 
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o1 

3 	 + 

R=H or 	 or 

Figure 7.2 Molecular structures of 3 and 4 in which restricted 

rotation around single bonds has been observed. 

clockwise and vice versa. The disrotatory correlated motion mirrors the operation of 
a macroscopic bevel gear. Experimental and theoretical studies confirm that the bar-
rier to the conrotatory process - analogous to gear slippage - is large. Significantly, 
barriers to net disrotatory motion are negligible (0.2 kcal mol' for 2), indicating that 
such motion encounters almost no friction - an early illustration of the differences 
between motion at the molecular and macroscopic levels. 

Later, a "molecular turnstile", 3, (which subsequently inspired 'molecular gyro-
scopes") was created in which the rate of rotation of the central phenyl ring could be 
tuned by varying substitutions [12]: correlated rotational motion has also been ob-
served around hindered amides such as 4 (Fig. 7.2) (13]. 

Although these studies clearly demonstrate the role steric interactions can play, the 
submolecular motions are, of course, non-directional even within a partial rotational 
event. Simply restricting the thermal rotary motion of one unit by a larger blocking 
group or by the similarly random motion of another unit cannot, in itself, lead to di-
rectionality. A molecular machine requires some form of external modulation over 
the dynamic processes. 

As a first step toward achieving controlled and externally initiated rotation around 
C—C single bonds, Kelly combined triptycene structures (Fig. 7.1) with a molecular 
recognition event [14]. In the resulting "molecular brake". 5 (Fig. 7.3) [15], free rota-
tion of a triptycyl group could be halted on application of Hg 2 ' ions which caused a 
conformational change in the appended bipyridyl unit - effectively putting a "stick" 
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OMe 	 ce 2CF3cO 

Hg(02CCF3)2  

.0 	 PN4 
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6 5-Hg 	 6 
Bi'e off" 	 Brake on 

Figure 7.3 A chemically switchable "molecular brake", 5, and the 

design of an unsuccessful "molecular ratchet", 6. 

in the "spokes". The next iteration toward controlling the motion involved construc-
tion of a potential "molecular ratchet", 6 [16], in which it was proposed that a helicene 
"pawl" might direct the rotation of an attached triptycene "wheel" in one direction 
owing to the pawl's chiral helical structure. Although the calculated energetics for ro-
tation showed the energy barrier to be asymmetric (Fig. 7.4), 1 H nuclear magnetic 
resonance (NMR) experiments showed rotation to be occurring equally in both di-
rections. 

This result serves as a reminder that the Second Law of Thermodynamics cannot 
be escaped - although thermal motion can be used to move a system toward its equi-
librium state, it cannot be used to power work [17]. The rate of any chemical trans-
formation - clockwise and anticlockwise rotation in 6 included - depends on the en-
ergy of the transition state passed over and the temperature. However, state functions 
such as enthalpy and free energy do not depend on a system's history [18]. Thus, the 
energy of the transition state in Fig. 7.4, AHI, is independent of whether it is ap-
proached from the left (clockwise rotation of the triptycene as drawn) or the right (an
ticlockwise rotation) and the rates of rotation are constrained to be equal in either di-
rection. 

0 	40 	60 	120 
0, 0  

Figure 7.4 Schematic representation of the calculated enthalpy 

changes for rotation around the single degree of internal rotational 

freedom in proposed ratchet 6. 
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The temptation to relate 6 to a macroscopic ratchet and paw!, which does use an 
asymmetric energy-profile to produce unidirectional motion from a randomly fluctu-
ating input force, is dear - what is different about the molecular-level system? Smolu-
chowski and, more famously, Feynman have considered the problem of a molecular-
level ratchet, showing that the effect of thermal fluctuations on the molecular-level 
"pawl" would cause it to disengage and the overall result would be random motion in 
either direction - the Second Law survives [19]. Feynman went on to show that for di-
rectional motion to occur energy must be added to the system in some way, to remove 
it from equilibrium 201. The requirements for unidirectional motion at the molecular-
level therefore are: (1) a randomizing force which enables the system to seek its equi-
librium position; (2) some form of asymmetry in the structure, surroundings, or in-
formation within the system which differentiates two potential directions of travel; and, 
crucially, (3) an energy input which drives the system away from equilibrium. 

In 6, criteria I and 2 are dearly already present in the form of thermally powered 
random fluctuations around the single degree of internal rotational freedom and the 
helical chirality of the structure, respectively. Yet to achieve unidirectional motion the 
system must be driven away from equilibrium - to break "detailed balance" - so that 
the Second Law of Thermodynamics is not contravened. Kelly therefore proposed 7a 
(Fig. 7.5), a modified version of the ratchet structure in which a chemical reaction is 

IA 
H2N- 

HO—' 

7b 

thermally 
\ 	powered 

H20  relawbon 

"resetting" HN 

0=<
O 

9b 98 

Figure 7.5 A chemically powered unidirec-

tional rotary motor in action. Priming of the 

motor in its initial state with phosgene 

(7a -, 8a) enables a chemical reaction to oc-

cur when the helicene rotates far enough up 

its potential well toward the blocking trip- 

tycene arm (Sb). This gives a tethered state 9a 

for which rotation over the barrier to 9b is an 

exoergic process and occurs under thermal 

control. Finally, the urethane linker can be 

cleaved to give the original rotor rotated by 

120' (7b). 
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used as a source of energy [21). Ignoring the amino group, all three possible positions 
for the helicene relative to the triptycene "spokes" are identical - the energy profile 
for 360" rotation would appear as three equal energy minima, separated by equal bar-
riers. As the helicene oscillates back and forth in a trough, however, sometimes it will 
come close enough to the amine for chemical reaction to occur (as in 8b). Priming 
the system with chemical "fuel" (phosgene in this example to give the isocyanate 8a) 
results in "ratchetirig" of the motion some way up the energy barrier (9a). Continua-
tion of the rotation in the same direction, over the energy barrier, can occur under 
thermal control and is now an exoergic process (giving 9b) before cleavage of the ure-
thane gives the 120" rotated system (7b). Although the current system can only per -
form one third of a full rotation, it demonstrates the principles required for a fully op-
erating and cyclable rotary system under chemical control and is a significant ad-
vance from the original restricted C-C bond-rotation systems. 

7.3 
Controlling Configurational Changes 

Changes in configuration [22] - in particular cis-trans isomerization of double 
bonds - have been widely studied from theoretical, chemical and biological perspec-
tives [8, 231. Although such small-amplitude motions are not usually suitable for di-
rect machine-like exploitation, they can provide photoswitchable control mechanisms 
within more complex devices (see below) and, in some instances, can even be 
harnessed to perform a significant mechanical task. Such systems are some of the 
first examples of molecular-level motion which can be controlled by application of an 
external stimulus. 

The utility of isomerizations in mechanical systems is widely exploited in Nature. 
The photoisomerization of retinal (Fig. 7.6a) induces a conformational change in the 
visual pigment rhodopsin, enabling it to bind to protein-G, thereby triggering the vi-
sual signal-transduction process [24]. Equally remarkable are the photoactive yellow 
proteins (PYP) found in some eubacteria [25]. The photoinduced trans-to-cis isomer-
ization of the olefin in a p-coumaric acid chromophore (Fig. 7.6b) activates a photo-
cycle in which this small configurational change is amplified through the protein 
scaffold resulting in large conformational changes which ultimately cause the bac-
terium to swim away from harmful blue light. Despite being formally single bonded, 
the delocalization in amide C-N bonds enables peptide linkages to exist in distinct Z 
and E forms. Although the E forms are normally more stable, for tertiary amides 
there are only small thermodynamic differences between the two isomers. Xaa-Pro 
bonds therefore play an important role in controlling protein conformation - the ex-
istence of just one such bond as its Z isomer can have drastic effects on the second-
ary structure of the protein. Enzymes which catalyze E to Z isomerization - pep-
tidyl-prolyl cis-trans isomerases (PPlases) - play important roles in directing protein 
folding and controlling the subsequent biological activity of many proline-containing 
proteins [26]. 
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Figure 7.6 (a) Chemical structure of the rhodopsin chromophore -. 

an iminium derivative of 11-cis-retinal. (b) Chemical structure of the 

PYP chromophore - a thioester ofp-coumaric acid. 

As a prototypical example of the reaction class, the photoisomerization of stilberies 
has been extensively studied theoretically and preparatively for well over 50 years [27]. 
As organic photochemistry began to develop, other important photochromic systems 
were discovered (Fig. 7.7) [28]: the photoisomerization of azobenzenes [29], the in-
terconversion of spiropyrans with merocyanine (and the associated spirooxazine/me-
rocyanine system) [30], the photochromic reactions of fulgides [31], and chiroptical 
systems such as overcrowded alkenes (for example 10, Fig. 7.9) [32]. All these process-
es are accompanied by marked changes in both physical and chemical properties, for 
example color, charge, and stereochemistry, and a wide range of switching applica-
tions have both been proposed and realized, from liquid-crystal display technology to 
variable-tint spectacles and optical recording media [33]. 

Although photochromism in modern diarylethene systems 
[] 

and in fulgides is 
based on a photocyclization process (rendering the configurational cis—trans isomer-
ization an undesirable side-reaction), most applications of these photochromic sys-
tems simply rely on the intrinsic electronic and spectroscopic changes on intercon-
version between the two species. As such, these systems do not normally fit our def-
inition of molecular machines. There are some systems, however, which harness 
small configurational changes in a more mechanical fashion so that the resulting de-
vices can, indeed, be described as machine-like. 

A variety of configurational changes (but in particular azoben.zene photoisomer-
ization) have been used to alter peptide structures, creating semi-synthetic biomate-
rials whose activity can be controlled photonically [35]. These systems, which ampli-
fy the small configurational change of the synthetic unit to cause a significant change 
in the peptide secondary structure, to some extent mimic the combined role of pro-
line and PPlases in controlling protein activity in the cell. 

Combining photochromism with liquid crystal systems can lead to a variety of pho-
toswitched changes in the properties of the liquid crystal [36]. The trans —* as pho-
toisomerization of stilbene or azobenzene dopants, for example, can lead to re-
versible disruption of the nematic mesophase, effectively turning off liquid crys-
talline properties. More subtle control over the alignment of liquid crystals can also 
be achieved in systems in which the mesophase structure is maintained throughout. 
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Figure 7.7 Some photochromic systems 

which can potentially give rise to a mechanical 

response. (a) The cis—trans isomerization of 

stilbene can be accomplished photochemical-

ly. A competing process is the 61r-electron cy-

clization to give dihydrophenanthrene, which 

reverts to cis-stilbene in the dark or, in the 

presence of a suitable oxidant, irreversibly los-

es H 2  to give phenanthrene. (b) Other di-

arylethene systems exploit the photocycliza-

tion process by blocking the cis — trans and 

hydrogen-elimination processes through sub-

stitution, while replacing the phenyl rings with 

heteroaromatics stabilizes the cyclized form 

(XC, NH, 0, S). (c) The cis—trans isomeriza-

tion of azobenzene. (d) The interconversion of 

spiropyrans (Y = C) or spirooxazines (Y N) 

with their merocyanine forms. (e) The inter-

conversion of ring-open and cyclized forms of 

fulgides, both of which are thermally stable 

(cis—trans isomerization around either bond 

can occur, but is undesirable). 

Use of plane-polarized light to stimulate repetitive cis—trans isomerization of pho-
tochromic dopant molecules can lead to photoorientation of these species by axis-se-
lective photoconversion. This directional orientation triggers concomitant alignment 
of the whole liquid crystal phase. A second vector of polarization can then produce a 
different aligned state. Potential applications of this photo-induced mechanical mo-
lecular-level motion include optical recording media and light-addressable dis-
plays [36). 
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In such systems, quite remarkable amplification of a relatively small photoinduced 
configurational change causes a global change in orientation in the bulk. It is even pos-
sible to create surface-controlled systems in which a monolayer of photochromic 
species (a so-called "command surface") controls the alignment of a whole liquid-crys-
tal layer in contact with it. The same principles can be applied to the photonic control 
of the organization in other systems such as gels and Langmuir-Blodgett films [37]. 

Photoinduced mechanical changes have also been observed at the single-molecule 
level by use of atomic-force microscopy (AFM) [381. One end of a polyazopeptide (a 
polymer ofazobenzene units linked by dipeptide spacers) was isolated on a glass slide 
while the other was attached to a gold-coated AFM tip via a thioether-Au bond 
(Fig. 7.8). At zero applied force, repeated shortening and lengthening of the polymer 
was observed on photoisomerization of the azobenzene units to cis and trans re-
spectively. This experimental arrangement was, furthermore, used to demonstrate 
the transduction of light energy into mechanical work. A "load" was applied to one of 
the polyazopeptides - in its fully trans form - by increasing the force applied by the 
AFM tip from 80 pN to 200 pN, resulting in stretching of the polymer. Photoisomer-
ization, to yield what is assumed to be the fully cis polymer, resulted in contraction 
even against this external force ("raising the load"). Removal of the "load" by reduc-
ing the applied force, followed by re-isornerization to the trans form, restored the 
polymer to its original length - ready to lift another load. The work done by this sin-
gle molecule device is -5 x 10 0  J. 

While investigating the use of overcrowded alkenes as chiroptical molecular 
switches, Feringa and coworkers created molecular brake 10 in which the speed of ro-
tation around an arene-arene bond can be varied by changing the alkene configura-
tion (Fig. 7.9) [39]. Counter-intuitively from the two-dimensional structures in 
Fig. 7.9, the rate of rotation around the indicated bond is faster in cis-10 than in trans-
10 (demonstrated by the respective free energies of activation, for the process). 
Unfortunately, the photochemical interconversion between cis and trans could not be 
accomplished efficiently for this molecule, yet the system stands as proof that a 
change in configuration can alter not just optical properties or bulk orientations, but 
can also control large-amplitude submolecular motions. 

N, 

1 4  
Au—S 	0 HN 

	

AFM 	
NIH 

	

tip 	

H2NHNP\ 

Figure 7.8 Experimental arrangement for observation of single-

molecule extension and contraction using AFM (azobenzene unit 

shown as the extended Z isomer). 
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cis-lO 
	

trans-10 
1Gt303 = 19.0 ± 0.2 kcal mol' 	EsG303 = 19.7 ± 0.2 kcal moi1  

Figure 7.9 Counterintuitive variation of kinet- 	of activation (Gt) for the rotary motion in 

Ic barrier to rotation around an aryl-aryl bond 	each configuration are shown. 
by isomerization of the double bond in an 

overcrowded alkene. Values for the free energy 

The chiral helicity of molecules such as 10 causes the photochemically induced 
trans-cis isomerization to occur unidirectionally according to the handedness of the 
helix. Accordingly, these systems already have many of the requirements necessary 
for a unidirectional molecular rotor and, indeed, the incorporation of another stere-
ogenic center enabled realization of this potential and creation of the first synthetic 
molecular rotor capable of achieving a full and repetitive 3600  unidirectional rotation 
(Fig. 7.10) [40]. Irradiation (A> 250 nm) of this extraordinary molecule, (3R,3'R)-
(P,P)-trans.-11, causes chiral helicity-directed clockwise rotation of the upper half rel-
ative to the lower portion (as drawn), at the same time switching the configuration of 
the double bond and inverting the helicity to give (3R,3'R)-(M,M)-cis-11. Unlike pre-
viously investigated systems however [32b], this form is not stable at temperatures 
above-55 °C, because the cydohexyl ring methyl substituents are placed in an unfa-
vorable equatorial position. At ambient temperatures, therefore, the system relaxes 
via a second, thermally activated helix inversion thus continuing to rotate in the same 
direction, giving (3R,3'R)-(P,P)-cis-11. Irradiation of this new species (A> 250 nm) re-
sults again in photoisomerization and helix inversion to give (3R,3'R)-(M,M)-trans-11. 
Once more the methyl substituents are in an equatorial position and thermal relax-
ation (this time temperatures >60 °C are required) completes the 360° rotation giving 
the starting species (3R,3'R)-(P.P)-trans-11. As each different step in the cycle involves 
a change in helicity, the unidirectional process can be easily observed by the change 
in the circular dichroism (CD) spectrum at each stage. The four different states can 
be populated depending on the precise choice of wavelength and temperatures, and 
irradiation at temperatures above 60 °C results in continuous 3600  rotation [41]. 

Because the photochemically induced isomerization process in these systems is 
known to be extremely fast (<300 ps), the rate-limiting step in the operation of 11 is 
the slowest of the thermally activated isomerizations. The effect of structure on the 
rate of these steps was investigated in a series of second-generation motors 
(Fig. 7.11) [42]. With a view to fixture applications, the "base" and "rotor" in these sys-
tems were differentiated, so that only one directing methyl group is present. This, 
however, is still sufficient for unidirectional rotation. For all examples in Fig. 7.11, the 
slowest thermal isomerization step has a lower kinetic barrier than that in 11. It was, 
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furthermore, observed that smaller bridging groups at Y and, in particular, at X low-
ered the activation barrier to this process so that AGt293 = 21.90 kcal mo1 1  for com-
pound 12g. Not all structural changes turned out to be intuitive, however. Rotor 13 
contains an even smaller upper portion yet the free energy of activation for the ther-
mal isomerization process in this molecule is actually higher than that of its phenan-
threne analog lZi [43]. The reason is that the reduced steric hindrance in 13 lowers 
the ground-state energy of the "unstable" isomer more than it lowers the transition-
state energy for the thermal isomerization process. 

A further increase in rate of rotation was, however, achieved by creation of five-
membered homolog 14 (Fig. 7.12) [44]. Despite the greater conformational flexibility 
of the cydopentyl ring, a significant energy difference between the pseudoequatori-
al and pseudoaxial positions of the appended methyl group still exists and unidirec-
tional rotation occurs. As well as being accessible in higher synthetic yields, one of 
the thermal isomerizations in this molecule is extremely rapid and the other is com-
petitive with the previous systems. 

Figure 7.12 Third-generation unidirectional rotor, 14. In this struc-

ture "ax" denotes pseudoaxial orientation of substituents on the 
cydopentyl ring. 

A potential drawback of third-generation molecule 14 is the reduced extent of iso-
merization at the photostationary states. Yet, owing to the "ratcheted" mechanism 
which does not allow backwards movement of the rotor, this does not reduce the in-
tegrity of the unidirectional process, it simply reduces the photoisomerization quan-
tum yield. 

7.4 
Controlling Motion in Supramolecular Systems 

We have seen how, by judicial choice of structure, it is possible to restrict submolecular 
motion such as bond rotation whereas configurational changes can provide an external 
control element for molecular geometry, orientation, and submolecular motion. Yet 
these generally enable only relatively crude control over molecular-level motion (the 
Feringa "motors" are an obvious exception to this caveat). Molecular recognition [45] 
and the control of noncovalent interactions provides the opportunity to selectively, specif-
ically, and strongly position one molecule or molecular component relative to anotheL 
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Furthermore, a wide range of recognition systems are now known which can be mod-

ulated in strength -. or even effectively switched "on" or "off' - using a range of external 

stimuli. We must be careful to remember, however, that a net mechanical task requires 
control of molecular-level motion. This means that the putative "machine" assembly 

must be kinetically associated (i.e. it cannot exchange with the bulk) over the timeframe 

of operation of the machine and that a stimulus-induced molecular recognition event is 
neither a sufficient nor necessary condition for construction of such a machine. 

7.4.1 

Switchable Host-Guest Systems 

Using an external stimulus to modulate the binding affinity of a host for a guest is the 
simplest expression of controllable molecular recognition. A wide variety of stimuli can 

be used to precipitate changes - not just in geometric configuration but also electron-

ic arrangement and environmental influences - which modulate noncovalent interac-
tions. Switchable host-guest systems teach us much about the nature of noncovalent 
interactions and their manipulation, yet the requirement for kinetic association of 
components in a molecular machine rules out simple host-guest complexation where 
binding does not bring about a change in the conformation of either species or where 
transport of the guest between sites within the host is slow relative to exchange with the 

bulk. Although all complexation events dearly involve movement of the components 
relative to each other, the physics of complexation depend only on binding affinity and 

concentration, not factors associated with mechanical task performance (net position, 

mass, etc.). This is why myosin must move along a track to which it is kinetically asso-
ciated over a series of sequential binding events to bring about muscle contraction; no 
mechanical task occurs through simple 'on"/"off' binding to the track by myosin mol-
ecules from the bulk [46]. In other words, simple host-guest/supramolecular systems 

cannot function as nanoscale mechanical machines unless restrictions on the motion 

of the unbound species apply or the binding event brings about a mechanical (i.e. con-

formational) change in one of the molecular components. 
Whilst this means that many switchable host-guest systems do not have the po-

tential to act as mechanical machines, many still do. A good example of a molecular 
system on the borderline of machine-like behavior is given by the "tail-biting" crown 

ethers E/Z-15.H (Fig. 7.13) developed by Shinkai and coworkers [471. Nominally 

________ 	 Ni H3 O 	 ______ 
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0 	0 	330-38011 	N 

IIJ N a5~'j 1
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0 + 0 

Lo) 

E-15H 	 Z-15 - H +  

Figure 713 Isomerization of "tail-biting" crown ethers. 
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these systems are simply switched molecular receptors, not molecular machines. In 
the Z-15-HI forms, intramolecular binding of the ammonium ion to the crown ether 
prevents recognition of other cations in the medium whereas thermal isomerization 
to give E-15.H restores the alkali metal cation binding properties of the crown ether. 
It is observed, however, that the rate of Z —* E isomerization is lowered (by 1.6 to 2.2 
fold) for Z-15-HI when compared with the deprotonated control Z-15. Crucially, the 
rate of this reaction increases with increasing concentration of K ions in solution, so 
that the system can indeed be viewed as a primitive molecular machine in which a 
binding event at the crown ether affects the Z —s F isomerization process of the 
azobenzene moiety with which it is kinetically associated. 

7.4.2 
Intramolecular Ion Translocation 

Metal—ligand binding interactions are often kinetically stable and careful structural 
design can produce systems in which intramolecular motion is significantly favored 
over intermolecular exchange [48]. System 16 (Fig. 7.14) consists of a coordinative-
ly unsaturated Cu" center covalently linked to a redox-active Ni"-cydam unit [49]. In 
this form chloride anions bind strongly to the copper, filling the vacant coordination 
site ([16.Cl] 3+). Electrochemical oxidation of the nickel center to Nil" dramatically in-
creases its affinity for anions so that the chloride translocates to this new, more en-
ergetically favorable site. The motion is completely reversible on reduction of the 
nickel. There is, of course, the distinct possibility that the switching of anion position 
is an intermolecular process involving either free anion in solution or more than one 
molecule of 16. However, the process was demonstrated not to be concentration-de-
pendent, in contrast with the analogous noncovalently [inked three-component sys-
tem (Cu receptor + Ni receptor + Cl-) for which the behavior is strongly concentration 
dependent. Further thermodynamic comparisons of the two systems suggest that the 
dominant mechanism in 16 is intramolecular translocation, brought about by folding 
of the ditopic receptor so that the motion pathway of the chloride ion is defined. 

HH 

H 

- 

H2N 	 - 

H 

HI 
H2N- ..,_.0 

H2N (~N 

16- C13+ 	 16-C1' 

Figure 7.14 Redox-driven intramolecular anion translocation. 
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Figure 7.15 Translocation of a silver cation between two sites in a 

calix(4)arene cavity - a "molecular syringe". 

Calix[4]arene 17 performs reversible translocation of metal cations by protonation 
of the tertiary nitrogen. Dynamic 1 H NMR experiments indicate a high kinetic barri-
er to dissociation of the metal from the deprotonated receptor, suggesting that on pro-
toriation, translocation occurs in an intramolecular fashion through the cavity de-
fined by the aromatic rings, in a manner resembling the operation of a syringe. In 
the protonated form, however, intermolecular exchange of the cation is much faster, 
so the return stroke, at least, can involve a significant amount of undefined inter-
molecular motion (Fig. 7.15) [50]. 

The first redox-driven cation translocation process was reported by Shanzer and 
coworkers in a helical complex [18-Fe"] for which there is strong evidence for a fully in-
tramolecular process [51]. The system works by exploiting the preference of Fe" for hard 
ligands and Fe" for a softer coordination sphere. Chemical reduction of [18-Fe"] with 
ascorbic acid gives [18.Fe".31-1] 2  which has spectral properties characteristic of the 
Fe"(bipyridyl) 3  coordination sphere (Fig. 7.16). subsequent re-oxidation (ammonium 
persulfate) returns the system to its original state. The equivalent intermolecular process 
between two monotopic ligands failed to occur under the same conditions, and even the 
translocation in 18 is relatively kinetically slow, suggesting an intramolecular process. 

Pseudorotaxanes - supramolecular complexes in which a rnacrocyclic host encap-
sulates a linear, thread-like guest - are subject to the same issues with regard to ki-
netic stability as other host—guest complexes [52-541. While these complexes are 
model systems for kinetically associated systems such as interlocked rotaxanes (see 
Sect. 7.5), their basic structure is similar to that of other supramolecular systems. 
Many interesting pseudorotaxane devices have been created with functions including 
reversible formation and de-threading of the interlocked species using a number of 
stimuli [55], switching between different preferred guests [56), and control of in-
tramolecular electron transfer reactions [57]. Only for kinetically stable pseudorotax-
anes, however - systems in which the components do not exchange with the bulk 
over the operation of the machine - are there sufficient restrictions on the motions of 
the unbound species for them to feature controlled mechanical behavior and other-
wise they are best considered suprarnolecular devices not mechanical machines [58]. 
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7.5 

Controlling Motion in Interlocked Systems 

7.5.1 

Basic Features 

Catenanes are chemical structures in which two or more macrocydes are interlocked; 
in rotaxanes one or more macrocydes are mechanically prevented from de-threading 
from linear chains by bulky "stoppers" (Fig. 7.17) [59]. Although the components are 
not covalently connected, catenanes and rotaxanes are molecules - not supramolecu-
lar complexes - because covalent bonds must be broken to separate the constituent 
parts. In these kinetically associated species [60, 611 the mechanical bond restricts the 
degrees of freedom for relative movement of the components while often permitting 
extraordinarily large amplitude motion in the allowed vectors. This is directly analo-
gous to the restriction of movement imposed on biological motors by a structural 
track [46] and is one reason interlocked structures have played a central role in the de-
velopment of synthetic molecular machines [62]. 

Large-amplitude submolecular motion in catenanes and rotaxanes can be divided 
into two classes (Fig. 7.17)- pirouetting of the macrocyde around the thread (rotax-
anes) or the other ring (catenanes), and translation of the macrocyde along the thread 
(rotaxanes) or around the other ring (catenanes). By analogy with conformational 
changes within classical molecules, the relative movements between interlocked 
species are termed co-conformational changes [22]. Motion in these systems is most 
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a) 	 b) 	
I 

II  

Figure 7.17 Cartoon representations of (a) a [2)catenane and (b) a 

L21rotaxane 1631. Arrows show possible large-amplitude modes of 

movement for one component relative to another. 

easily described by assuming one component to be a stationary frame of reference 
around or along which the other units move. Often the choice of this frame of refer-
ence is based on the relative size or complexity of the components. The distinction 
can become ambiguous, however, as discussed below. 

For a long time these non-classical architectures were no more than academic cu-
riosities, particularly as synthetic approaches relied on inefficient statistical or time-
consuming covalently-directed approaches [64]. Introduction of supramolecular 
chemistry, however, enabled chemists to apply an understanding of noncovalent in-
teractions to synthesis, resulting in various template methods to catenanes and ro-
taxanes [65]. In such syntheses noncovalent binding interactions between the com-
ponents often live-on" in the interlocked products. These interactions enable re-
striction of the relative motion of components, further to that defined by their archi-
tecture, and they can ultimately be manipulated to affect positional displacements. 
Much attention has been devoted both to intrinsic submolecular motion within these 
structures and control of this motion by manipulation of recognition events. 

75.2 
Inherent Dynamics: Ring Pirouetting in Rotaxanes 

Pirouetting is the random rotation of the macrocyde about the axis defined by the 
thread. While this motion is often observed to be occurring, it can be difficult to study 
in detail because of the symmetry of the components. Benzylic amide macrocyde-
based rotaxanes possess a useful characteristic in this respect. In many examples of 
these molecules, the benzylic amide macrocyde adopts a chair-like conformation 
meaning that for each pair of benzylic protons (HE,  Fig. 7.18), one is in an equatorial 
environment, while the other is axial [66]. For a macrocyde on a symmetric thread, 
two 'H NMR signals would therefore be expected for the 8 benzylic protons in the 
molecule. Rotation of the macrocycle around the axis shown by 180" must, however, 
result in a chair-chair flip so as to maintain the hydrogen bonding network between 
the macrocyclic amide protons and carbonyl oxygen atoms on the thread. This co-con-
formational change therefore interconverts the axial and equatorial sets of protons 
twice during a full 360" revolution. It is possible to study chemical exchange process- 
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Figure 7.18 Peptidorotaxanes 19 and 20. The arrow on 19 indicates 
the axis about which macrocyde pirouetting occurs, 

es such as this by variable temperature (VT) NMR techniques, including the coales-
cence method [67], or spin polarization transfer by selective inversion recovery (S PT-
SIR) [6J. 

For example, the room temperature 'H NMR spectrum in CDC1 3  of the glycyl-
glycine-based [2]rotaxane 19 contains the fewest possible signals for the macrocycle 
protons, indicating rapid pirouetting (820 s') of the ring at ambient temperature [661. 
The pyridyl-2,6-dicarbonyl-based macrocyde in 20 has a different, overall slightly 
stronger, hydrogen-bonding network between the components, producing a con-
comitant reduction in pirouetting rate to 100 s 1 . 

As the rate of pirouetting is directly related to the strength with which the macro-
cycle is held to the thread, this motion can be a useful probe for evaluating the effect 
of structural changes on the strength of intercomponent interactions in rotaxanes. 
For the series of fumaric acid-based [21rotaxanes shown in Fig. 7.19, yields of the ro-
taxane forming process (a five-component clipping reaction in which formation of 
the benzylic amide maaocycle is templated by the fumaric acid residue) increase in 
the order 23 <22 < 21 [691. As expected, the rates of macrocyde pirouetting in the 
products were shown to follow exactly the opposite order (Fig. 7.19), confirmation 
that the efficiency of the templated synthesis is directly related to the hydrogen-bond-
ing ability of the thread templates. 
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Figure 7.19 Variation of yield in rotaxane-

forming reactions for a series of simple fumar-

ic acid based templates is correlated with the 

strength of intercomponent interactions in the 

products, as evidenced by AGt, g , the energy 

barrier to pirouetting in CO 2C1 2 . 

7.5.3 

Inherent Dynamics: Ring Pirouetting in Catenanes 

Pirouetting in catenanes is not quite so easily defined. Spinning of one macrocyde 
around an axis defined by its interlocked partner is directly analogous to the pirouet-
ting motion in rotaxanes - the "thread" is simply cyclic in this case (e.g. motion I, 
Fig. 7.17a is pirouetting of the gray ring around the "stationary" black one). This same 
motion could, on the other hand, be regarded as rotation of the second macrocyde 
around the first in a manner analogous to shuttling in rotaxanes (i.e. motion I, 
Fig. 7.17a could also be regarded as rotation of the black ring around the "stationary" 
gray ring). Likewise, motion II can be considered to be pirouetting or rotation de-
pending on which ring is taken as the stationary frame of reference. In practice, for 
the simplest case of homocircuit catenanes (when gray = black), the distinction is un-
necessary, as motions I and II are identical, the overall result often being termed cir-
cumvolution (also called "circumrotation') if a full 3600  rotation is involved. 

75.3.1 Metal-based Homocircuit Catenates and Catenands 

As a result of the degeneracy of the pirouetting and rotational motions, homocircuit 
catenanes are the simplest systems in which the intrinsic dynamics of interlocked ar-
chitectures can be studied. The transition metal templated [2]catenates produced by 
the Sauvage group (e.g. 24, Fig. 7.20) were the first interlocked molecules to be pro-
duced by template synthesis [70-72]. The catenates have both rings coordinated to a 
metal ion and so are co-conformationally locked and no large-amplitude submolecu-
lar motion is observed. Removal of the metal template forms the corresponding cate-
nand. The lack of intercomponent interactions in catenands usually means that the 
relative motion of the two rings is extremely fast and are difficult to study. 
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24 

Figure 7.20 Chemical structure of the first transition metal templat-
ed catenate, 24. 

7.5.3.2 Amide-based Honiocircuit Catenanes 
Amide-based catenanes, in which hydrogen bonds template interlocking of the two 
rings, were first reported in 1992 by Hunter (25) [73], prompting the publication of 
similar work by Vogtle (26) (Fig. 7.21) [74]. In these systems, the steric bulk of the cy-
clohexyl groups prevents full circumvolution of the macrocycles. A 900  rotational mo-
tion which exchanges the non-equivalent isophthaloyl rings (labeled 1" and "2" in 

25: R = H 
	

26: R = OCH3  

Figure 7.21 Hydrogen bond-assembled [2]catenanes 25 and 26 

reported by Hunter and VOgtie respectively, showing the large. 

amplitude motion possible in 25, but not in 26. 
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Fig. 7.21) is possible, but even this is blocked on substitution at the 5-position of the 
isophthaloyl ring (e.g. in 26). 

The amide-based homocircuit catenane 27 (Fig. 7.22), discovered by chance in 
1995, has more interesting and versatile dynamics [75]. The catenane has the simplest 
possible 1 H NMR spectrum for this kind of structure, only the six different constitu-
tional types of proton are apparent in DMSO-d 6, the same number seen for the par-
ent macrocycle (76). Despite the smaller macrocyde cavity size of 27 compared with 
25 and 26, both the isophthaloyl and p-xylylene components can rotate through the 
cavity of the other macrocyde and the circumvolution process is rapid on the NMR 
timescale in polar solvents at room temperature. The catenane-formation process tol-
erates a number of aromatic 1 ,3-dicarbonyl and benzylic amide precursors, so a di-
verse range of analogs could be prepared and the effect of structure on the dynamic 
processes assessed [77]. 
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Figure 7.22 The original hydrogen bond-assembled benzylic amide 

[2]catenane 27 and structural analogs 28-30 with different aromatic-

1,3-dicarbonyl units. 

Any substitution on the isophthaloyl ring (at either the 5- or 4-position) prevents 
complete circumvolution of the macrocydes, thereby destroying the plane of sym-
metry bisecting the isophthaloyl units in each ring. A series of coalescence tempera-
ture measurements and SPT-SIR NMR experiments [77,781 revealed circumvolution 
to be slow on the NMR timescale for the pyridine-2,6-dicarbonyl derivative (30) - just 
as its pirouetting rates are slower than other macrocydes in rotaxanes (Sect. 7.5.2). 
The thiophene derivative (29) was shown to rotate the fastest - in fact 3.2 million 
times faster than 30 in C 2 D204  at room temperature. 

This quite remarkable variation in dynamic behavior resulting from relatively sim-
ple structural changes can also be allied to the more subtle effects on rate of solvent 
composition. Hydrogen-bond-disrupting solvents such as CD 30D and, to an even 
greater extent, (CD 3) 2 S0 increase the rate of circumvolution by competing for the hy-
drogen bonding groups in the macrocycle. This has the effect of weakening the 
ground-state interactions and stabilizing the intermediate co-conformations during 
circumvolution, thus lowering the energy barriers for the process. Variation of sol-
vent composition enables fine-tuning of the circumvolution rate after selection of the 
approximate value by appropriate choice of structure [77, 781. 
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Both these solvent and structural effects on rate suggest that a key process in the 
circumvolution mechanism is rupture and formation of intercomponent hydrogen 
bonds. An isolated molecule molecular mechanics approach has been used to simu-
late the dynamics in these catenane systems, enabling simulation of the molecular 
shape at the transition states [78, 791. Together with a full low-dimensional quantum-
mechanical description of circumvolution [80], these studies enable the theoretical 
and practical understanding of the intrinsic motion in a catenane system necessary 
for development of molecular devices and materials in which the frequency of mo-
tion is a key characteristic. 

7.5.3.3 Heterocircuit Catenanes 
The very first catenanes in which dynamic processes were studied were not homo-
circuit systems but rather molecules comprising two different interlocked rings. 
Most heterocircuit catenanes (gray ;t black in Fig. 7.17a) consist of a larger ring con-
taining two or more recognition sites for a smaller macrocycle. It is, therefore, usu-
ally convenient to consider such systems analogously to rotaxanes with the larger 
component the stationary frame of reference around which the smaller unit(s) move. 
[2]Catenane 31 is composed of a it-electron-deficient cydophane (cydobis(paraquat-
p-phenylene or CBPQT, Fig. 7.23) interlocked with an electron-rich bis.dioxyarene 
crown-ether macrocycle [81, 82). To maximize intercomponent charge-transfer and 
hydrogen-bonding interactions, the cydophane must circumscribe one of the hydro-
quinone units in the crown ether. Given this constraint, the two large-amplitude dy-
namic processes can be portrayed as pirouetting of the cydophane around the occu-
pied dioxyarene unit (process II, Fig. 7.23, alternatively viewed as rotation of the 
crown ether around the cydophane) and rotation of the cyclophane around the crown 
ether from one dioxyarene station to another (process I, Fig. 7.23, alternatively viewed 
as pirouetting of the crown ether through the cydophane). Both processes are ob-
servable in 'H and 'IC VT NMR studies, enabling calculation of activation barriers 
for the two processes; process I is the higher in energy. 

Enlargement of the electron-rich macrocyde in 32, which contains four dioxyben-
zene stations, renders the distinction between pirouetting and rotation less equivocal; 
the larger ring is intuitively regarded as stationary with the smaller one moving around 
it By employing high pressure methods the related [3]catenane 33 can also be ob-
tained [83]. Interestingly, two non-degenerate translational isomers are now possible for 
the rotational motion of the two cydophanes - the two tetracations occupying adjacent 
stations (proximal isomer) or opposite stations (distal isomer, shown). The former situ-
ation is not observed [84], with the tetracationic cydophanes preferring to minimize 
electrostatic repulsion by maximizing the distance between themselves at all times. 
More recently, the Stoddart group have reported an analogous, hydrogen bonded, 
[3]c.atenane which contains four secondary ammonium recognition sites in the large 
macrocyde as stations for two uncharged polyether macrocydes [85). In this case, both 
translational isomers are observed, in approximately equal proportions. Given that, sta-
tistically, a 2:1 ratio of proximal:distal isomers would be expected, the observed ratio sug-
gests that while dearly no large electrostatic repulsion exists, there is still some small 
(probably steric) interaction destabilizing the proximal isomer [86). 
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7.5.4 

Inherent Dynamics: Shuttling in Rotaxanes 

Shuttling is the movement of a macrocyde back and forth along the linear thread 
component of a rotaxane (or one macrocyde around another in a catenane). This mo-
tion takes the form of a Brownian motion-powered random walk, constrained to one 
dimension by the thread and to translational displacement boundaries by the bulky 
stoppers. By virtue of the template synthesis methods employed in interlocked mol-
ecule synthesis [65], rotaxanes without sites of attractive interaction between macro-
cycle and thread are relatively rare [87]. It is more common that the thread consists of 
one or more recognition elements, or "stations" for the macrocyde(s); shuttling 
therefore becomes the movement on, off or between such stations and, just as for the 
pirouetting motions, the dynamics depend on the strength of the intercomponent in-
teractions. 

7.5.4.1 Observation of Shuttling in Degenerate Shuttles 
In the first [2]rotaxane for which the dynamics were studied, Stoddart and coworkers 
demonstrated shuttling behavior in 344+  (which uses the same st—it interactions as the 
catenanes discussed in Sect. 7.5.3.3) [88]. In 'H NMR experiments the behavior of 
proton signals from both components was consistent with the macrocyde moving be-
tween the two identical hydroquinol stations in a temperature-dependent fashion 
(Fig. 7.24). Directly analogous situations exist for several similar molecules [89]. 

Y ___  
>- Si—O 0 0NI 

	
YJ 

3441• 

/\ /\ I' 
0o 0 0 0 0— Si—/ 

Figure 7.24 The first "molecular shuttle". 

Following the observation that hydrogen-bond-disrupting solvents such as (CD 3 ) 2S0 
destroy the interactions between the benzylic amide macrocyde and a glycyiglycine 
thread in [2]rotaxane 19 (Fig. 7.18) [66], a series of peptide-based molecular shuttles 
were described in which two glycylglycine stations for the benzylic amide macrocyde 
are separated by aliphatic linkers (Fig 7.25) [90]. In both 35 and 36, in CDCI 3, the 
macrocyde shuttles rapidly between the two degenerate peptide stations at room tem-
perature, evidenced by the single set of signals for the two peptide stations in the 'H 
NMR spectrum being resolved into two sets (for the occupied and unoccupied stations) 
on cooling the sample and freezing out the motion on the NMR timescale. 
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Figure 7.25 Peptide-based degenerate molecular shuttles 35 and 36. 

Just as for the pirouetting motions, the shuttling mechanism must require at least 
partial rupture of the intercomponent interactions at one station before formation of 
new interactions at the new station. The thermodynamics of the degenerate process 
in each of 34-36 therefore involves passage over an activation barrier from one ener -
gy well to another, identical, minimum (Fig. 7.26). Just as for the analogous benzylic 
amide catenanes, solvent composition has a profound effect on the shuttling rate in 
35 and 36 - as little as 5 % CD 30D in halogenated solutions of peptide-based rotax-
anes leads to rate increases in excess of two orders of magnitude. The hydrogen-bond-
disrupting methanol weakens the intercomponent interactions, effectively loosening 
the macrocyde from its station (i.e. reducing iG) with a concomitant increase in the 
shuttling rate [90]. 

This increase in rate does not, however, continue indefinitely with increasing sol-
vent hydrogen bond basicity. An additional feature of the rotaxanes compared with 
the analogous benzylic amide catenanes discussed in Sect. 7.5.3.2 is that a major 
change in solvent polarity (changing from halogenated solvents to (CD 3) 2S0) stops 
the n-iacrocyde shuttling between the peptide stations and causes it to preferentially 
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Figure 7.26 Idealized free-energy profile for 	the energy required to break the noncovalent 

movement between two identical stations in a 	interactions holding it to the station and a dis- 

degenerate molecular shuttle. The height of 	tance-dependent diffusional component. 

the barrier AG* contains two components - 
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sit over the hydrophobic thread instead, hiding the thread from the unfavorably polar 
environment and enabling maximum hydrogen bonding between the peptide sta-
tions and solvent [90]. 

7.5.4.2 A Physical Model of Degenerate Molecular Shuttles 

An interesting structural effect is observed on increasing the length of the spacer in 
degenerate shuttles. The rate of shuttling in [2]rotaxane 36 was compared to that in 
35 (Fig. 7.25). Although ostensibly not involved in any interactions with the macro-
cycle, extension of the alkyl chain results in an experimentally measured reduction in 
the rate of shuttling which would correspond to an increase in activation energy for 
the process of 1.2 kcal mo1 1  - an effect solely of the increased distance the macrocy-
de must travel [80]. 

All these effects are most clearly understood by considering the macrocyde as a 
particle moving along a one-dimensional potential energy (rather than free energy) 
surface (Fig. 7.27). At any point on the potential energy surface the gradient of the 
line gives the force exerted on the macrocycle by the thread. When the macrocycle is 
in the vicinity of a station, hydrogen bonds and/or other attractive noncovalent inter- 

position of macrocycle 
I orthogonal to vector of 

thread 

Potential 
energy 

._ Potential 
energy 

position of macrocycle along vector of thread 

Figure 7.27 Idealized potential energy of the 

macrocycle in a two-station degenerate mole-

cular shuttle. The potential energy surface 

shows the effect of the interaction between 

macrocycle and thread on the energy of the 

macrocycle (ignoring any complicating factors 

such as folding). Chemical potential energies 

(AE) usually follow trends similar to those of 

free energies (AG, Fig. 7.26) but there are 

some important differences; for example, the 

activation free energy of shuttling, AG4 . corre-
sponds to the energy required for the macro-

cycle to move all the way to the new binding 

site (i.e. includes a contribution for the dis- 

tance the ring has to move along the track to 

reach the other station) whereas the AEI, 

shown here, is the energy required for the 

macrocycle to escape the forces exerted 

through noncovalent binding interactions at a 
station. The main plot shows AE in terms of 
the position of the macrocyde along the vec-
tor of the thread; the minor plot shows the AE 
in terms of the position of the macrocycle or-

thogonal to the vector of the thread, illustrat-

ing that the thread genuinely behaves as a 

one-dimensional potential-energy surface for 

the macrocycle. 
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actions exert large forces (typically varying as a high power of the inverse distance, 
on the macrocyde, opposing its motion. When the macrocyde is on the thread be-

tween the stations, the hydrogen bonds and other noncovalent binding interactions 
are broken and no forces are exerted on the maaocyde by the thread (i.e. the gradi-
ent of the line is zero). 

It is thermal energy which enables the macrocycle to escape these energy wells and 
explore the full length of the thread. For a population of shuttles at equilibrium, 
therefore, the macrocycles reside on the different stations and the thread according 
to a Boltzmann distribution and for a single molecule these populations correspond 
to the amount of time the macrocyde spends on each site. In a degenerate shuttle, in 
which the binding energy to each station is the same, and no significant interaction 
with the thread occurs, the macrocycle spends a negligible amount of time on the 
thread and splits its time equally between the two stations. 

The rate at which the macrocydes escape from each station is given by a standard 
Arrhenius equation, depending on the depth of the energy well and the temperature. 
This is not the only factor involved in determining the rate at which macrocydes 
move between the two stations, however, there must also be some distance-depend-
ent diffusional factor in the function describing rate of shuttling - easily understood 
from consideration of Fig. 7.27. 

This phenomenon has been studied further in an attempt to link the experimen-
tally determined values of AGT with a quantum-mechanical description of the shut-
tling mechanism [911. Calculation of the wavefunctions for the system shows that an 
increase in distance between the stations does not, of course, change the activation 
energy for cleavage of hydrogen bonds but rather, the effect is to widen the free en-
ergy potential well (Fig. 7.26). As this well widens, it has a higher density of states per 
unit energy (just like the simple "particle in a box' model). The closer to one anoth-
er the levels are, the more readily thermally populated they are or, in other words, the 
larger is the partition function and hence AG. 

The nature of the wavefunctions at energies dose to the top of the barrier is in-
triguing, because under this energy regime the maximum probability of finding the 
macrocyde is, in fact, over the aliphatic spacer. The shuttling process can therefore 
be thought of in terms of a function of free energy (Fig. 7.26) as long as we remem-
ber that the height of the Gl barrier is affected by both binding strength and distance 
between the stations. The behavior of the macrocycle is similar to a cart moving along 
a roller coaster track shaped like the double potential in Fig. 7.26. At low tempera-
tures, the cart mostly resides on the stations (oscillating with small amplitude in the 
troughs). As energy approaches the value of the barrier, the cart spends most of its 
time passing over the barrier. At higher energies still, the cart is most likely to be 
found at the extremes of its translational motion. 

7.5.5 
Controlling Translational Motion: Molecular Shuttles 

With increasing understanding of the nature of the inherent restriction in degrees 
of freedom in interlocked architectures came the realization that control of inter-
component positioning was achievable [92]. Switching on and off degenerate shut- 
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ding in a rotaxane or varying the frequency of circumvolution in a catenane by so!-
vent effects, structural effects or temperature demonstrates control of motion at the 
most basic level and only hints at the possibilities which have now been realized. 

In shuttles such as 34, considered in Sect. 7.5.4.1, there are two identical recog-
nition sites (stations) for the macrocyde so that it is equally likely to reside on either 
- they are degenerate. As we have seen, the rate at which the macrocyde moves be-
tween the stations can be regulated by the temperature or, occasionally, solvent com-
position. A different kind of control, however, can be achieved in stimulus-responsive 
shuttles, in which the net location of the macrocyde can be varied by applying an ex-
ternal stimulus. 

7.5.5.1 Single-station Switchable Shuttles 

A limited amount of control over shuttling can be introduced into single-station ro-
taxanes if the affinity of the macrocycle recognition site can be affected by a stimulus. 
[2]Rotaxane 37 (Fig. 7.28) is closely related to those produced by the Stoddart group 
and features attractive interactions between a cydobis(paraquat-p-phenylene) cydo-
phane and an electron-rich dialkoxybenzene station in the thread to template its for-
mation [93]. In 374,  however, the bulky stoppers are redox-active ferrocenyl residues. 
A laser flash photolysis pulse within the charge-transfer band of 37 induces elec-
tron transfer between the two interacting components, giving an intimate radical-ion 
pair (RIP). In closely related systems, decay of the RIP by charge recombination is 
rapid compared with any competing processes such as solvent penetration or spatial 
separation of the radical ions. The flexible thread, however, enables dose contact of 
the electron rich ferrocenyl stoppers with the cydophane by means of a secondary ir-
stacking interaction. This electronic coupling enables some of the radical ion pairs 
(-25 %) to undergo a secondary electron transfer step in which the hole on the 
hydroquinone residue is transferred to one of the ferrocenyl stoppers. This transfer 
simultaneously breaks the interactions between the cydophane and both the stopper 
and dialkoxybenzene, so the system is free to undergo conformational changes in-
volving unraveling of the thread and shuttling of the cydophane away from the oxi-
dized stopper to reduce electrostatic repulsion. The lifetime of this "long-lived" 
species is approximately 550 ns - a timescale on which some shuttling of the cydo-
phane could occur before charge recombination restores the initial state; there is, 

Figure 728 [2]Rotaxane 371 - a "single station" molecular shuttle. 
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Figure 7.29 Photo-responsive single station shuttles 38 and 39, 
based on azobenzene and stilbene units, respectively. 

however, no direct evidence for this transient shuttling, nor means to control the po-
sition of the cydophane in the spatially-remote charge-separated state. 

It has also been possible to control the position of a cyclodextrin (CD) °macrocycle 
on azobenzene and stilbene containing threads in two related systems [94,95]. In the 
E isomers of 121rotaxanes  38 and 39 (Fig. 7.29) in aqueous media the cydodextrin 
spends most of its time over the central aromatic units. Irradiation at suitable wave-
lengths results in photoisomerization of the N=N and C=C double bonds in 38 and 
39, respectively, to the Z forms. The steric requirements of this "kinlcing" in the 
thread demands shuttling of the cydodextrin away from the central units. Interest -

ingly, in 39 [95], this motion is unidirectional, with the narrower 6-rim of the cy-
dodextrin always closest to the Z olefin. it was also demonstrated, however, that even 
in the F isomers the cydodextrin only spends approximately two-thirds of its time 
over the central unit, and it is probably during its vacation of this site that photoiso-
merization occurs. 

7.5.52 A Physical Model of Two-station, Stimuli -responsive, Molecular Shuttles 

Rotaxanes in which the macrocycle can be translocated between two or more well-

separated stations in response to an external signal should, in principle, provide a 
greater level of control for machines. As we have seen (Sect. 7.5.4), in any rotaxane 
the macrocyde distributes itself between the available binding sites according to the 
difference between the macrocycle binding energies and the temperature. If a suit-
ably large difference in macrocyde affinity between two stations exists, the macrocy-
de resides overwhelmingly in one positional isomer or co-conformation [22]. In stim-
uli-responsive molecular shuttles, an external trigger is used to chemically modify the 
system and alter the noncovalent intercomponent interactions such that the second 
macrocyde binding site becomes energetically more favored, causing translocation of 
the macrocycle along the thread to the second station (Fig. 7.30). This might be 



364 7 Synthetic Molecular Machines 

(1) a __Oj~Q B 	
- KBA. 	 (iv) 

)Q...  

Station binding affinity order: [Ia] > - 	 - 

Figure 730 Translational submolecular mo- 	tials of the two stations such that, (iii), the 

tion in a stimulus-responsive molecular shut- 	macrocycle "shuttles" to the now-preferred 
tie: (i) the macrocycie initially resides on the 	station (A). If the reverse reaction (A -4 A') 
preferred station (B); (ii) a reaction occurs 	now occurs, (iv), the components return to 
(A' -) A) changing the relative binding poten- 	their original positions. 

achieved by addressing either of the stations (destabilizing the initially preferred site 
or increasing the binding affinity of the originally weaker station). The system can be 
returned to its original state by using a second chemical modification to restore the 
initial order of station-binding affinities. Performed consecutively these two steps en-
able the "machine" to perform a complete cycle of shuttling motion. 

The physical basis for this motion is again best understood by consideration of the 
potential energy of the macrocyde as a function of its position along the thread 
(Fig. 7.31). It is important to appreciate that the external stimulus does not induce di-
rectional motion of the macrocyde per se, rather, by increasing the binding strength 
of the less populated station and/or destabilizing the initially preferred binding site, 
the system is put out of co-conformational equilibrium [96]. Relaxation towards the 
new global energy minimum subsequently occurs by thermally activated motion of 
the components, a phenomenon which we recognize as biased Brownian motion. In 
other words, biased Brownian motion arises from a difference in the activation ener-
gies for movement in different directions, not from the difference in energy minima. 
This results in net directional transport (a directional flux) of macrocycles when 
these barriers are suddenly changed, putting the system out of equilibrium. 

Given this mode of action, a key requirement is finding ways of generating suffi-
ciently large, long-lived binding energy differences between pairs of positional iso-
mers. A Boltzmann distribution at 298 K requires a EsAE (or AAG) between transla-
tional co-conformers of-2 kcal mol for 95 % occupancy of one station. Achieving 
such discrimination in two states to form a positionally bistable shuttle (i.e. both 
&EA. and &EB-A 2! 2 kcal mol') by modifying only intrinsically weak, noncova-
lent binding modes is thus a significant challenge. 
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7.55.3 Adding and Removing Protons to Control Shuttling 

In fact, the very first bistable switchable molecular shuttle, reported by Stoddart and 
Kaifer in 1994, was a two-station design of this type [97]. The biphenol and benzidine 
units in the thread of [2]rotaxane 40 (Fig. 7.32) are both potential it-electron donor 
stations for the CBPQT 4  cyclophane, and at room temperature rapid shuttling of the 
macrocyde occurs, as in the related degenerate shuttles described above (Sect. 
7.5.4.1). Cooling the sample to 229 K enables observation (by NMR and UV-visible 
absorption spectroscopy) of the two non-degenerate translational isomers in a ratio of 
21:4 in favor of encapsulation of the benzidine station. Protonation of the basic ben-
zidine residue with CF 3CO2D results in electrostatic repulsion between the positive-
ly charged station and cydophane so that the CBPQT 11  resides exclusively on the 
biphenol station. The system can subsequently be restored to its initial state on neu-
tralization with pyridine-d5 . 
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Figure 7.32 The first switchable molecular shuttle 40 1 , shown in 
the preferred co-conformation in the neutral state. 

Although this system has many of the attributes of a fully controllable molecular 
shuttle, it has modest positional integrity in the non-protonated state - a much larg-
er binding difference between the two stations was required. Inspired by the corn-
plexation of ammonium ions by crown ethers, Stoddart and coworkers developed a 
new series of systems based on threads containing secondary alkylammonium 
species and crown ether macrocydes [98]. [2]Rotaxane 41.1-1 3  (Fig. 7.33) was the 
first switchable molecular shuttle reported using these units [99]. The dibenzo-
crown ether is bound to the ammonium cation by means of [N 4-H. . .0] hydrogen 
bonds and well as weaker [C-H . . .0] bonds from methylene groups in the a-position 
to the nitrogen. 1 H NMR spectroscopy in CD 3 COCD 3  shows no shuttling motion, 
with the crown ether sitting overwhelmingly (but not exclusively [1131) over the 
cation, to the limits of detection set by this experimental technique even at room 
temperature. Deprotonation of the ammonium center with diisopropylethylamine 
turns off the interactions holding the macrocycle to this station, so it is free to shut-
tle on to the alternative bipyridiniuin station (412+).  Despite no observation of bind-
ing between the crown ether and bipyridinium units in a non-interlocked pseudoro-
taxane model system, NMR studies on the deprotonated rotaxane show the system 
again adopting a co-conformation with high of positional integrity, sitting over the 
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Figure 7.33 A pH-responsive bistable molecular shuttle with excel-

lent positional integrity in both chemical states. 

bipyridinium unit in an asymmetric fashion; a corresponding yellow charge-transfer 
interaction between the catechol rings and bipyridinium station is observed [100]. 

Although excellent macrocyde positional integrity in both chemical states is ob-
served for this example, the low binding constant between the crown ether and 
bipyridinium moieties in the deprotonated state might be a limitation in more com-
plex systems, especially if the macrocyde is afforded a greater degree of translational 
freedom (the distance between the stations in the current system is —7 A). Accord-
ingly, Stoddart and coworkers have prepared a combination of three shuttle units in 
parallel using this system 11011. The molecule (42.3H) consists of three thread-like 
components connected at one end and encircled by three catechol—polyether macro-
cycles connected in a platform-like fashion (Fig. 734). Essentially, the shuttling action 
works precisely as in 41, just over three equivalents of base are required to move the 
platform from ammonium ("top") to bipyridinium ("bottom") positions. The com-
bined effect of three binding sites is excellent positional integrity in both positions. 

The first pH switched shuttle to exploit [N-H ... anion] hydrogen bonding interac-
tions has also been reported [102]. In [2]rotaxane 43.H (Fig. 7.35), formation of the 
benzylic amide macrocycle is templated by a succinamide station in the thread. The 
thread however also contains a cinnamate derivative (related to the p-coumaric acid 
chromophore of PYP, see Sect. 73). In the neutral form, the cinnamate phenol is a 
relatively poor hydrogen-bonding group and the macrocyde resides on the succi-
namide station >95 % of the time. Deprotonation to give 43, however, results in the 
macrocycle binding to the phenolate anion. Reprotonation of the phenol returns the 
system to its original state. Although a wide range of bases (with a variety of counte-
rions) proved efficacious, shuttling was found to be extremely solvent-dependent. 
Hydrogen-bond-mediated systems usually perform best in "non-competing" solvents 
- those with low hydrogen bond basicity. Yet when deprotonation of 43.H is con- 
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Figure 7.34 (a) Schematic representation of a 	(b) Chemical structure of the macrocyclic 
"molecular elevator" 42.3H 9 , with the "plat- 	"platform" component of 42. (c) Chemical 
form" on the "top" dialkylammonium station. 	structure of "rig" component of 42. 

ducted in CDCI 3  or CD2Cl2 , a change of position of the macrocyde does not occur. 
Rather an intramolecular folding event occurs to enable the phenolate to hydrogen 
bond with the macrocyde while it remains on the succinamide station. The interac-
tion between macrocyde and succinamide station in 43.H is so strong, however, that 
even in DM F-d7  the excellent positional integrity is maintained. On deprotonation in 
this solvent, shuttling does indeed occur and in 43 the only co-conformation de-
tectable by NMR has the succinarnide station vacated with the macrocyde hydrogen-
bonding to the phenolate. This solvent dependence can be understood when we con-
sider that the phenolate can only satisfy the hydrogen-bonding requirements of one 
isophthalamide unit in the macrocyde. The presence of a hydrogen-bond-accepting 
solvent such as DMF can therefore compensate for this loss of stabilization. The 
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strength of binding to the anion is illustrated by the fact that the shuttling process 
continues to occur even in CD 3CN - only a moderate hydrogen-bond acceptor and 
weaker than the amide groups of the thread. 

7.5.5.4 Adding and Removing Electrons to Control Shuttling 
With the original switchable shuttle 40 it was found that the change of position 
could be achieved in a reagent-free manner by electrochemical oxidation of the ben-
zidine station - shuttling away from this station occurring after oxidation to the rad-
ical cation. Unfortunately, several attempts to create analogous redox-switched shut-
tles with improved positional integrity failed to give the desired distribution of trans-
lational isomers in the ground state [103) and intrinsic shuttling at ambient temper-
attires always remained rapid 1104, 1051. 

[2]Rotaxane 44 contains two potential hydrogen-bonding stations for the benzylic 
amide macrocyde - a succinamide (succ) station and a redox-active 3,6-di-tert-butyl-
1,8-naphthalimide(ni) station - separated by a C 12  aliphatic spacer (Fig. 7.36) [1061. 

While the ability of the succ station to template formation of the macrocyde is well 
established, the neutral naphthalimide moiety is a poor hydrogen-bond acceptor. To 
minimize its free energy the macrocyde in 44 must therefore sit over the succi-
namide station in non-hydrogen-bonding solvents, so that co-conformation succ-44 
predominates (Fig. 7.37). In fact the difference between macrocycle-binding affinity 
is so great that succ44 is the only translational isomer detectable by 'H NMR in CD- 
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Figure 7.36 A photochemcaIly and electrochemically addressable 
molecular shuttle. 

C1 3 , CD3CN and THF-d8, and even in the strongly hydrogen-bond-disrupting 
(CD 3 ) 2 S0 the macrocycle sits over the suce station approximately half the time. One-
electron reduction of naphthalimides to the corresponding radical anion, however, re-
sults in a substantial increase in electron charge density on the iniide carbonyls and 
a concomitant increase in hydrogen-bond-accepting ability. In 44, this change in oxi-
dation state reverses the relative hydrogen bonding abilities of the two thread stations 
so that co-conformation ni44 is preferred in the reduced state. Subsequent re-oxi-
dation to the neutral state restores the original order of binding site affinities and the 
shuttle returns to its initial state as co-conformation succ-44. This process can be stim-
ulated and observed in cyclic voltammetry experiments [106b] or, alternatively, pho-
tochemistry can be employed to initiate (through excitation of the naphthalimide 
group by a nanosecond laser pulse at 355 nm followed by electron transfer from a re-
generable external electron donor) and observe (using transient absorption spec-
troscopy) the change of position [106a]. A number of control experiments were able 
to prove unequivocally that the dynamic process observed is reversible shuttling of 
the macrocyde between the stations rather than any other conformational or co-con-
formational change (106b1. 

Although many metal—ligand interactions can be rather kinetically stable, the avail-
ability of different oxidation states with different properties can be harnessed to con-
trol intercomponent motion in transition metal-based systems. [2]Rotaxane 45 
(Fig. 7.38) exploits the unique properties (among the first row transition metals at 
least) of copper - in particular, the strong stereoelectronic requirements for the 
mono- and divalent cations [107]. The preference of Cu' for four-coordinate tetrahe-
dral complexes has been widely exploited to synthesize interlocked architectures (see 
Sect. 7.5.3.1), because it enforces the orthogonal arrangement of two bidentate hg-
ands which can subsequently be cydized to give interlocked species. In 45-I-N4 , a 
macrocyclic ring containing a bidentate 2,9-diphenyl.1 , lO-phenanthroline (dpp) unit, 
is locked around a thread component which also contains one phenanthro[ine as well 
as one tridentate 2,2':6',2"-terpyridine (terpy) unit. The preference of Cu' for tetrahe-
dral geometries requires that the ring sits around the phenanthroline station in the 
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thread with the metal ion coordinated between the two components. Electrochemical 
reduction gives 45-1I-N 4. As Cu" prefers higher coordination numbers, thermally ac-
tivated relaxation to the thermodynamically preferred 45-II-N s  product occurs. Even 

the metastable 45-I1-N 4  state is relatively kinetically inert, however, and this shuttling 
step takes several hours (k = 1.5 x 10 s'). Electrochemical reduction of the divalent 
species gives 45-1-N s  which slowly converts to the starting material 45-I-N 4  

(10-4  15~ k !~ 10-2  s'). The shuttling process can also be accomplished by a photo-
chemically-triggered oxidation. The reverse reductive step cannot be performed pho-
tochemically but proceeds successfully with a chemical reductant (ascorbic acid). 

7.5.5.5 Changing Configuration to Control Shuttling 
As with the control of submolecular motion in covalently bound systems, isomeriza-
ton processes are an attractive means of controlling shuttling in rotaxanes. Shuttle 
E/Z-46 (Fig. 7.39) employs the interconversion between furnaramide (trans) and 
maleamide (cis) isomers of the olefinic unit [108). Fumaramide moieties are excellent 
binding sites for benzylic amide macrocydes - the trans olefin fixes the two strong-
ly hydrogen-bond-accepting amide carbonyls in a dose-to-ideal spatial arrangement 
for interaction with the amide protons from the macrocycle. Strong interactions be-
tween rnacrocyde and thread, in the guise of two sets of bifurcated hydrogen bonds, 
are the result. Although a similar hydrogen-bonding surface is presented to the 
macrocyde, binding to the succinamide station results in both a loss in entropy (be-
cause of loss of bond rotation) and also one less intracomponent hydrogen bond 
which cannot be reproduced in the rigid fumaramide station. The result is that only 
one positional isomer of E-46 is observed in NMR studies at room temperature. Pho-
toisomerization of the fumaramide station by irradiation at 254 rim reduces the num-
ber of possible intercomponent hydrogen bonds at this station from four to two so 
that a new co-conformational energy minimum now exists; the macrocycle now sits 
overwhelmingly on the succinamide station. Unlike the succinamide/naphthalimide 
system (Fig. 7.36, Sect. 7.5.5.4), this new state is indefinitely stable until a further 

  

o4o  Ph 

Phi 

Ph 

254 nm 
- Ph 

A 

Figure 7.39 Bistable molecular shuttle E/Z-46 in which self-binding 

of the "low affinity" station in each state is a major factor in produc-

ing excellent positional discrimination. 



7 Synthetic Molecular Machines 

stimulus is applied— namely thermal or chemical re-isomerization of the maleamide 
unit back to fumararnide, thus restoring the shuttle to its initial state [109]. 

7.5.5.6 Entropy -driven Shuttling 

Most of the shuttles which exhibit excellent positional discrimination can be switched 
using stimuli such as pH, light, polarity of the environment or electrochemistry to 
modify the enthalpy of macrocyde binding to one or both stations. In general the ef-
fect of temperature is simply to alter the extent of discrimination the macrocyde ex-
presses for the different stations, not to alter the station preference 11101. In [21rotax-
ane 47, however, the macrocyde can be switched between stations simply by chang-
ing the temperature. In fact, 47 is a tristable molecular shuttle - a rotaxane in which 
the ring can be switched between three different positions on the thread (Fig. 7.40). 
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Structurally, 47 is closely related to 46, the difference being substitution of the 
isophthaloyl unit in the macrocyde for a pyridine-2,6-dicarbonyl moiety. In the E-47 
form, the macrocycle resides over the strong fumaramide station at all temperatures 
investigated, as expected. Photoisomerization of E-47 gave the maleamide Z-47 iso-
mer. The I H NMR spectra of this product showed dearly that shuttling away from the 
maleamide station had occurred, but the nature of the product was highly tempera-
ture-dependent. At elevated temperatures (308 K) the expected succ-Z-47 co-confor-
mation was observed; the macrocyde spends nearly all its time over the succinamide 
station. At lower temperatures, however, the macrocyde occupies neither the succi-
namide nor the rnaleamide units — the alkyl chain exhibits spectroscopic shifts in-
dicative of encapsulation by the ring. This suggests that the thread adopts an S-
shaped conformation with the macrocycle binding to one amide of each station (do-

dec-Z-42, Fig. 7.40). Unlike [2]rotaxane 46, photochemical cis —* trans isomerization 
was effective (irradiation of Z-47 at 312 nm gave a photostationary state of >95:5 E:Z 
compared with -45:55 under the same conditions for 46) so no heating is necessary 
for this step and all the interconversions shown in Fig. 7.40 are possible. 

The origin of this temperature-switchable effect is presumably the large difference 
in entropy of binding to the succinamide and alkyl chain stations, which 
enables the TASbinding term to have a significant overall impact on ACIbinding  as tem-
perature is varied. In the succ-Z-47 co-conformation, the macrocyde forms two strong 
hydrogen bonds with an amide carbonyl and two, significantly weaker, bonds to the 
ester carbonyl. The dodec-Z-47 co-conformation, however, enables formation of four 
strong hydrogen bonds to amide carbonyls making it enthalpically favored by -2 kcal 
mol -1 . At low temperatures, when the effects of the entropy term are less significant, 
the molecule therefore adopts the dodec-Z-42 co-conformation. At higher tempera-
tures, the increased contribution from the ThSbjndjng  term requires that the molecule 
adopts the more entropically favorable succ-Z-42 co-conformation to minimize its en-
ergy [ill ]. 

This effect seems to be quite structure specific — no other shuttles in this series 
have shown temperature-dependent co-conformational preference. If suitable Sys-

tems can be successfully designed, however, entropy-driven temperature control of 
positional isomerism could prove a useful addition to the expanding strategies for 
controlling submolecular motions [112]. 

Many of the shuttling examples described show remarkable degrees of control over 
submolecular fragment positioning and dynamics. They utilize a number of different 
stimuli-induced processes to effect macrocyde shuttling over large amplitudes (up to 
-15 A in 43,46, and 47) and operate over a range of timescales (a complete shuttling 
cycle in 44 is over in -100 jis whereas in 46 both states are indefinitely stable and the 
time for a full cycle is infinitely variable). It must, however, be remembered that all 
such shuttles exist as an equilibrium of co-conformations and it is simply the posi-
tion of the equilibrium that is varied [113. 
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7.5.6 

Controlling the Motion: Ring Pirouetting in Rotaxanes 

Control of macrocyde pirouetting in rotaxanes presents two challenges - frequency 
of random pirouetting and directionality (Fig. 7.41). The former has been achieved by 
means of the effects of temperature, structure, electric fields, light, and solvent; the 
latter has not yet been demonstrated. 
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Figure 7.41 [2]Rotaxanes 21 and 48 in which the rate of pirouetting 
can be controlled by application of an alternating current electric 
field. 

Alternating-current (a.c.) electric fields would be an ideal stimulus for control of 
submolecular dynamics in many applications. In two of the benzylic amide-based, 
hydrogen-bonded E2]rotaxanes (21 and 48), it was observed that application of a.c 
fields of approximately 50 Hz resulted in unusual Kerr-effect responses unique to the 
interlocked architecture (i.e. not observed for either of the components alone) [1141. 
Reducing the field strength had the same effect as increasing temperature - en-
hancement of the response - indicating that the underlying phenomenon is address-
able by these two stimuli. Both VT NMR experiments and molecular modeling con-
firmed that macrocyde pirouetting is the only possible dynamic process on this 
timescale in these structures. The experimental and theoretical studies also predict 
the slightly more complex Kerr effect response observed experimentally for 21 com-
pared with 48. Application of an a.c. electric field therefore attenuates macrocycle 
pirouetting in 21 and 48. The extent of the dampening can be varied with the strength 
of the applied field - even modest fields of -1 V cm produce rate reductions a 
large as 2-3 orders of magnitude. 

An alternative strategy for affecting pirouetting rates would be to apply some stim-
ulus which directly alters the structure or electronics of the thread or macrocyde, to 
adjust the strength of intercomponent interactions. This has been achieved for the fu-
maramide-based [2]rotaxanes 49-51 (Fig. 7.42), which are closely analogous to 21 
above [115]. The decrease in intercomponent binding affinity on photoisomerization 
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of the fumararnide units in 49--51, to the cis-maleamide isomers, gives a huge in-
crease in rate of pirouetting of more than six orders of magnitude. The switching 
process is also reversible; subjecting the malearnide rotaxanes to heat or a variety of 
chemical stimuli results in re-isomerization to the more thermally stable trans olefin 
isomers, with accompanying reinstatement of the strong hydrogen-bonding net-
work [116, 1171. 

7.5.7 
Controlling the Motion: Switchable Catenanes - the Issue of Directionality 

The fundamental principles of controlling shuttling in rotaxanes and rotation in cate-
nanes are the same. For example, homocircuit [2]catenane 52, acts somewhat like the 
two-station degenerate shuttle 35 (Sect. 7.5.4.1) [118]. In halogenated solvents such as 
CDCI 3  the two macrocycles interact by hydrogen bonding between their aromatic 1,3-
diamide groups, resulting in a "host—guest" relationship in which each (constitu-
tionally identical) ring adopts a different conformation and exists in a different chem-
ical environment (52-a, Fig. 7.43, also the structure observed in the solid state). Pirou-
etting of the two rings interconverts this host—guest relationship and is fast on the 
NMR timescale. In a hydrogen bond-disrupting solvent such as (CD 3 ) 2 S0, however, 
the preferred co-conformation has the amides exposed on the surface, where they can 
interact with the surrounding medium, while the hydrophobic alkyl chains are buried 
in the middle of the molecule (52-b, Fig. 7.43). Of course, with disruption of the main 
noncovalent interactions between the two rings, the frequency of movements is also 
greatly increased in polar media. 
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Figure 7.43 Translational isomerism in an amphiphilic benzylic 
amide l21catenane  52. 

Heterocircuit [2]catenane 53 (Fig. 7.44) behaves similarly to analogous two-sta-
tion non-degenerate [2]rotaxanes [119]. Initially the tetracationic cydophane encircles 
the more electron-rich tetrathiafulvalene station (TTF), as evidenced by 'H NM  and 
UV-visible absorption spectroscopy studies. Oxidation of the TTF to either its radical 
cation or dication can be achieved chemically or electrochemically. This oxidation re-
suits in complete movement of the cyclophane away from the cationic residue to the 
hydroxynaphthalene unit. This process has been observed using cyclic voltammetry 
measurements and 1 H NMR and UV-visible absorption spectroscopy and is accom-
panied by a green to maroon color change. The process can be reversed by either 
chemical or electrochemical reduction of the ITF unit back to its neutral state. There 
is, however, no control over which direction the motion occurs; the cydophane has a 
choice of two identical routes between the stations and half the molecules will rotate 
one way, the other half the other way [120]. 
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Figure 7.44 Chemically and electrochemically driven translational 
isomer switching of [2]catenane 53. 

Sauvage has demonstrated both electrochemical and photochemical control over 
ring motion in hetero-[2jcatenate 54 (Fig. 7.45) which is directly related to [2]rotaxane 
45 (Sect. 7.5.5.4) [121]. The observed behavior of the catenate is essentially the same 
as that of the rotaxane analog, although the 4-coordinate to 5-coordinate (dpp —) ter-
py) shuttling process is slower in the catenate and the reverse terpy — dpp step is 
faster. These discrepancies are explained by the easier access to the metal for solvent 
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54-I-N4  

Figure 7.45 Heterocircuit switchable catenate 54. 

or ionic species in the rotaxane, thus stabilizing transition states on the way to high-
er-coordination-number species [122]. 

The behavior of the related homocircuit [2]catenate 55 (Fig. 7.46) - in which each 
ring now contains a bidentate dpp unit and tridentate terpy site - is more complicat-
ed 11231.  In 55-1-N4, the Cu' template coordinates to the two dpp units in the expect-
ed tetrahedral arrangement. Oxidation of the metal center to its divalent state (by ei-
ther chemical or electrochemical means) reverses the order of preference for coordi-
nation numbers: CN 6 > 5 > 4 is the preferred order for Cu". The result is cir-
cumvolution of the rings to give the preferred hexacoordinated species. It was 
demonstrated that this process occurs by revolution of one ring to give an intermedi-
ate five-coordinate species (55-I1-14 5). In comparison with the other metal templated 
systems, this process is relatively fast, the translational process being on the timescale 
of tens of seconds. The process is completely reversible, via the same five-coordinate 
geometry, on reduction to Cu' (i.e. via 55-I--14 5). 

As such, this catenate can exist as three translational "isomers" (six different states 
when the oxidation state of the metal ion is considered). The intermediate five-coor-
dinate states are, however, only transient and cannot be isolated. A system which does 
have three distinct, stable states is [2}catenane 56. Furthermore, 56— and the related 
L3lcatenane 57— extends the fumaramide photoisomerization strategy seen in [2]ro-
taxanes 46,47 and 49-51 to create the first examples of stimuli-driven sequential and 
unidirectional rotation in interlocked molecules, thereby illustrating the key differ-
ence between shuttling in two-station rotaxanes and rotation in catenanes - the issue 
of directionality [124]. 

Sequential movement of one macrocyde between three stations on another ring re-
quires independent switching of the affinity for two of the units to change the rela-
tive order of binding affinity, as shown schematically in Fig. 7.47. 



K> K,> K 

K 

KCM  K,- 
STATE Ill 

380 ' Synthetic Molecular Machines 

EIIi7 
55-I-N 4 	 55-I-N5 	 55-I-N6  

e -1 	 + 4 

CA~~ -EIi7 aa 7 
55-I1-N4 	 55-I1-N5 	 55-11-N6  

0 = Cu {  	:'N
)  = Cu" 	

N II" 

Figure 7.46 Oxidation state-controlled switching of 121catenate 55 
between three distinct co-conformations. 

STATE! 
	

STATE II 

FIgure 7.47 Stimulus-induced sequential movement of a macrocy-

cle between three different binding sites in a [21catenane. 



Z 5 Controlling Motion in Interlocked Systems 381 

! 

(CH2)4  

EZZ (I 

(CH2)4  

C 	

CH2)1/ 

B 
	

CH2)12 

Figure 7.48 12lCatenane  56 and [3jcatenane 57. shown as their E,E 

isomers. 

A 

øI  
I Z-57 	 ZE-67 

* 

	

Figure 7.49 Stimulus-induced unidirectional 	C2 H 2C1 4, 24 h, —100 %, or catalytic ethylene- 

	

rotation in a four station (3)catenane, 57. (i) 	diamine, 50 C, 48 h, 65 %; or catalytic Br 2 , 

	

350 nm, CH 2C1 2, S mm, 67 %; (ii) 254 nm, 	400-670 nm, CH 2CI21  —78 C, 10 mm. —100%. 

CH 2Cl2, 20 mm, 50 %; (iii) A, 100 C, 



382 1 7 Synthetic Molecular Machines 

In 56 (Fig. 7.48), this is achieved by using two fumaramide stations with different 
macrocyde binding affinity, one of which (station A, green) is located next to a ben-
zophenone unit. This enables selective, photosensitized isomertzation of station A by 
irradiation at 350 nm before direct photoisomerization of the other fumaramide sta-
tion (station B, red) at 254 nm. Station B, being a methylated fumaramide residue, 
has lower affinity for the macrocyde than station A. The third station (station C, or-
ange) - a succinic amide ester - is not photoactive and is intermediate in macrocyde-
binding affinity between the two fumaramide stations and their maleamide counter-
parts. A fourth station, an isolated amide group (shown as D in EE-57) which can 
make fewer intercomponent hydrogen bonding contacts than A, B, or C, is also pres-
ent but only plays a significant role in the behavior of the [3}catenane. 

Consequently, in the initial state (state I, Fig. 7.47), the small macrocycle resides on 
the green, non-methylated fumaramide station. Isomerization of this station (irradi-
ation at 350 nm. green - blue) destabilizes the system and the macrocyde finds its 
new energy minimum on the red station (state II). Subsequent photoisomerization 
of this station (irradiation at 254 nm, red —) pink) means the macrocycie must now 
move on to the succinic amide ester unit (orange, state III). Finally, heating the cate-
nane (or treating it with photo-generated bromine radicals or piperidine) results in 
isomerization of both the Z olefins back to their E forms (pink —* red and 
blue — green) so the original order of binding affinity is restored and the macrocy -
de returns to its original position on the green station. 

The 1 H NMR spectra of each diastereomer show the positional integrity of the 
small macrocycle to be excellent at all stages of the process, but the rotation is unde-
niably not unidirectional — over the complete sequence of reactions an equal number 
of macrocydes go from A, though B and C, and back to A again in each direction. 

To bias the direction the macrocycle takes from station to station, temporary barriers 
are required at each stage to restrict Brownian motion in one particular direction and 
so bias the path taken by the macrocyde from station to station. Such a situation is in-
trinsically present in [3)catenane 57 (Fig. 7.48). Irradiation at 350 nrn of E,E-57 causes 
counterclockwise (as drawn) rotation of the light blue macrocycle to the succinic amide 
ester (orange) station to give Z,E-57. Isomerization (254 nm) of the remaining Iii-
maramide group causes the other (purple) macrocyde to relocate to the single amide 
(dark green) station (Z,Z-57) and, again, this occurs counterclockwise because the 
clockwise route is blocked by the other (light blue) macrocycle. This "follow-the-leader" 
process, each macrocyde in turn moving and then blocking a direction of passage for 
the other macrocyde, is repeated throughout the sequence of transfonnations shown 
in Fig. 7.49. After three diastereomer interconversions, E,E-57 is again formed but 360 
rotation of each of the small rings has not yet occurred, they have only swapped places. 
Complete unidirectional rotation of both small rings occurs only after the synthetic se-
quence (i) to (iii) has been completed twice. Somewhat counterintuitively, the small 
macrocycles in the [2]- and [31catenanes move from station to station in an opposite se-
quence in response to the same series of chemical reactions. 
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7.6 
From Laboratory to Technology Toward Useful Molecular Machines 

7.6.1 
Current Challenges 

The creation of novel molecular architectures - both classical covalent and mechani-
cally interlocked structures - which in some way restrict the thermally-powered 
movements of their constituent parts has been central to developing control over mo-
tion at the molecular level. These structural constraints have been successfully com-
bined with external switching of molecular structure and/or electronics to create sys-
tems with a remarkable level of control over both the relative position of units and the 
frequency of their motion. Whatever the application, it is dear that the machine and 
its components must be able to interact with the macroscopic world, either directly or 
through further interactions with other molecular-scale devices. This problem of 
wiring" molecular machines also has implications for the physical construction of 

molecular devices which might very probably also require the creation of ordered ar-
rays of functional molecules. In the following sections, we shall briefly examine 
some of these challenges and current progress towards surmounting them. 

7.6.2 
Reporting Motion: Switches and Memories 

In direct analogy to the more established molecular switches which do not employ 
(significant) submolecular motion, any change in properties accompanied by the 
submolecular motion in a molecular machine could be applied to some sort of 
switching or information storage device. The fundamental requirements for such 
systems are the same as their non-mechanical counterparts and include: (1) a useful 
and detectable difference between two states; (2) fatigue resistance; (3) stability of 
each state under the operating conditions; (4) rapid response times; and particularly 
for memory applications, (5) non-destructive read-out [32a, 331. 

7.6.2.1 Solid-state Molecular Electronic Devices 

In a series of ground-breaking experiments, molecular shuttles (Sect. 7.5.5) have 
been employed as the active molecular component in solid-state molecular electron-
ic devices. In the first example of such devices to utilize interlocked molecules, a 
monolayer of redox-active, degenerate two-station rotaxanes (58 1 , Fig. 7.50) was 
sandwiched between electrodes made from titanium and aluminum oxide [125]. The 
molecules were aligned during the manufacturing process, due to designed hy-
drophobic and hydrophilic regions in the thread portions. On application of a nega-
tive voltage to the resulting junctions (up to —2 V), a current flows, owing to resonant 
tunneling through the single-molecule layer, and the variation of current with in-
creasing voltage is strongly non-linear. Application of a small, oxidizing voltage (typ-
ically +0.7 V, for several minutes) irreversibly reduces the current response by a fac-
tor of 60 to 80. It was shown, however, that the observed response is characteristic of 
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the thread portion, being essentially the same for rnonolayers of[2]rotaxane 58 1  and 
its related thread and [3]rotaxane analogs, so that for this species mechanical inter-
locking and motion do not seem to play a significant role. Although these devices 
each contained several million rotaxane or thread molecules, the electronic proper-
ties of the organic molecules in the solid state correlated well with the known solu-
tion-state characteristics, suggesting that scaling down toward single-molecule di-
mensions would not change the mode of operation. Furthermore, connection of such 
switches in linear arrays enabled creation of wired-logic gates performing OR and 
AND functions and with much more pronounced voltage responses compared with 
resistor-based circuits. 

In a second generation of devices, bistable interlocked molecules were employed 
and reversible switching was achieved. Such a molecular switchabie tunnel junction 
(MSTJ) was first demonstrated using a monolayer of bistable [2]catenanes 534.  (Sect. 
7.5.7) sandwiched between silicon and titanium/aluminum electrodes [126]. With 
these devices a moderate (a factor of —2) but reversible change in resistance is oh- 
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served on application of oxidizing (opening the switch) and reducing (dosing the 
switch) voltages. The 'read voltage was in the region 0.1 to 0.3 V. and so did not in-
terfere with switch configuration, while the devices withstood many switching cydes. 
A rational design process then led to devices made from a related [2]pseudorotaxane 
(59, Fig. 7.51), for which the on/off current ratio was much larger (102)  and the 
'on" currents larger than for the [2]catenane-based system [127]. The output currents 
and switching voltages were, however, found to vary widely between both cydes and 
devices. On further investigation, these problems were attributed to the formation of 
molecular domains, with the result that device characteristics were no longer deter-
mined by single-molecule properties. 

This led to further refinement of shuttle structure, producing kinetically stable 
pseudo[2]rotaxanes 60 and, ultimately, 61. MSTJ comprising these rotaxanes had 
stable switching voltages of approximately —2 and +2 V with reasonable on/off ratios 
and switch-closed currents [128]. Such favorable characteristics enabled preparation 
of nanometer.scale devices with properties similar to those of the original microme-
ter analogs, demonstrating that operation is occurring on the molecular level. Fur-
thermore, these devices were successfully connected in a circuit architecture known 
as a 2D crossbar. The resulting circuit could be used as a reliable 64-bit random ac-
cess memory (RAM). The even more demanding task of creating a logic circuit could 
also be demonstrated by hard-wiring 1D circuits. A true 2D MSTJ-based crossbar log-
ic circuit, however, will require junctions with features yet to be achieved, for exam-
pie diode character and gain. 

Throughout these investigations several control molecules were tested to probe the 
origin of the switching effect [126-128]. These have demonstrated that some form of 
bistabiity, together with the presence of both interlocked components, is necessary 
for the switching properties. It is not dear, however, whether relative motions of the 
components are responsible. In particular, resistance switching is still observed for 
devices made from a related single-station [2]rotaxane, albeit with an on/off ratio sig-
nificantly lower than for the two station analogs 60 and 61. It has also been 
demonstrated that the switching process is thermally activated - at lower tempera-
tures, higher voltages are required to operate the switch. Although this might suggest 
that some form of submolecular motion is required for operation of the device, it can 
also be understood in terms of reduced polarizability of the silicon electrode at re-
duced temperatures [127]. 

Although these devices have high potential as possible components for truly sin-
gle-molecule electronic devices, a significant barrier to achieving this goal will be the 
physical connections used to wire the device. At very small dimensions it is expected 
that metal wires will have the best conductance characteristics but, unfortunately, de-
vices similar to those described above, but with two metal electrodes, did not have 
switching properties dependent on the nature of the organic monolayer [129]. De-
vices which use single-walled carbon nanotubes in place of the silicon electrode have, 
however, been successfully created and this might provide a valuable alternative in 
the creation of real-world devices [130]. 
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Figure 7.51 Chemical structures of[2]pseuclorotaxane 594  and 121rotaxanes 60 and  61 
used as the active components in molecular switched tunnel junctions (MSTJ). 
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7.6.2.2 A Molecular Muscle 

The principles of shuttling in metal-templated rotaxanes have been extended to cre-
ate a dimeric system in which the submolecular motion results in lengthening and 
contraction of the molecule in a manner reminiscent of the operation of the actin-
myosin complex which is the basis of natural muscle [131]. Each monomer unit for 
the construction of the rotaxane dimer (Fig. 7.52) consists of a bidentate dpp site em-
bedded in a macrocydic ring, as in 45 (see Sect. 7.5.5.4), but this ring is now con-
nected to a thread portion which also contains a phenanthroline (a 2,9-di-
methyiphenanthroline, dmp) ligand and a tridentate terpyridine site. The Cu' ions 
used to template formation of the diiner coordinate preferentially - once again in a 
tetrahedral geometry - to the dpp of one unit and the dmp of another component, re-
sulting in the threaded dimer structure [62.2Cu] 2  (Fig. 7.53). Unfortunately, in this 
example electrochemical oxidation to the Cu" species did not trigger motion - even 
this unfavorable geometry for divalent copper is kinetically too stable. Instead, demet-
allation (excess KCN, room temperature, 3 h) to give the free ligand system 62, fol-
lowed by insertion of Zn" ions (Zn(NO 3) 2, room temperature, 1 h) gives the con-
tracted form (62.2Zn] 4 , as evidenced by 'H NMR studies. The molecule can then be 
returned to its original length simply by treatment with excess (Cu(CH 3CN)4).PF6. 

vo~ 

Figure 7.52 Monomer unit for the construction of artificial molecu-

lar muscle rotaxane dimer 62. 

In this molecule, therefore, the shuttling of metal templates between two sites on 
the linear portions results in the filaments gliding over each other - as the distance 
between the metal centers is increased, the overall length of the molecule decreases. 
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Figure 7.53 Reversible switching between extended ([62.2Cu] 2 ) 

and contracted ([62.2Zn] 4 ) forms in a chemically-switched artificial 

molecular muscle. 

[Cu(CH3CN)4]PF6 

During this process, the length of the molecule changes from approximately 85 A to 
65 A, a reduction of 24 %. 

7.6.2.3 Shuttle-based Mechanical Switches 

The coupling of submolecular motion in a shuttle with a change in molecular prop-
erties can lead to mechanical switches operating at the molecular level and which 
could perform a range of functions. 

In a study of chiral dipeptide [2]rotaxanes it was found that the presence of an in-
trinsically achiral benzylic amide macrocyde near the chiral center could induce an 
asymmetric response in the aromatic ring absorption bands. This induced circular 
dichroism (lCD) effect was strongest in apolar solvents when intercomponent inter-
actions are maximized and it was shown that the chirality is transmitted from the 
amino acid asymmetric center on the thread, via the achiral macrocycle to the aro-
matic rings of the achiral C-terminal stopper on the thread 11321. These observations 
led to the design of chiroptical switch E/Z-63 which utilizes the same fu-
maramide-maleamide function as I21rotaxane  shuttles 46 and 47 in Sect. 7.5.5, above 
(Fig. 7.54) [1331. Unlike chiroptical switches in which the presence of or handedness 
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of chirality is intrinsically altered [32], E/Z-63 remains chiral and non-racemic, with 
the same handedness throughout; it is the expression of chirality that is altered. In the 
E-63 form, the macrocyde is held over the excellent fumaramide template and thus 
far from the chiral center in the peptidic station. Correspondingly, the CD response 
is flat, as observed for the free thread. In the Z-63 isomer, in which the macro-
cycle resides on the peptide station, dose to the i-Leu residue, a strong 
(-13k deg cm 2  dmol'), negative CD response is observed. Preparatively, the E - Z 
isomerization is most efficiently carried out by irradiation at 312 nm in the presence 
of a benzophenone sensitizer (photostationary state 70:30 Z:E), while the Z -, E 
transformation can be achieved almost quantitatively by irradiation at 400-670 nm 
in the presence of catalytic Br 2. In the context of any switching application, however, 
addition of any external reagent is obviously undesirable and a more modest differ-
ence between photostationary states can be achieved by irradiation at 254 nm (pho-
tostationary state 56:44 Z:E) and 312 nm (photostationary state 49:51 Z:E). Even un-
der these conditions a large net change (>1500 deg cm 2  dmol') in the elliptical po-
larization response is observed and this is reproducible over several cycles. 

400-670 nm, 	 350 nm 
cat. Br2 	OR 312 nm benzophenone OR 254 nm 

Ph 
Ph 
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Figure 7.54 	Chiroptical switching in [2]rotaxane-based molecular 

shuttle E/Z.63. 
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Figure 7.55 A fluorescent molecular switch based on 121rotaxane 

molecular shuttle E/Z-64. 

Encouraged by these results, bistable molecular shuttle E/Z-64 was created 
(Fig. 7.55) [134]. This system also relies on the photoswitchable fumaramide/ 
malearnide station, but attached to the intermediate, dipeptide station is an an-
thracene fluorophore, and the macrocycle now contains pyridinium units - known 
to quench anthracene fluorescence by electron transfer. In both the free thread and 
E-64, strong fluorescence (A = 365 nm) is observed, and shuttling of the macrocy-
de on to the glycylglycine station in Z-64 almost completely quenches this emission. 
At the maximum of E-64 emission (A = 417 nm) there is a remarkable 200:1 dif-
ference in intensity between the two states - strikingly visible to the naked eye. 

These two examples demonstrate a generic approach which could be taken to cre-
ate mechanical molecular switches for a variety of distance-dependent properties. 
The fumaramide/maleamide unit provides a means of changing the position of the 
macrocyde using a number of olefin isomerization procedures (the strategy is equal-
ly relevant for any other bistable stimuli-responsive shuttle system for which there is 
good macrocyde positional integrity between the two stations in both states). The gly-
cylglycine is a non-reactive station of intermediate affinity and the alkyl spacer can be 
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varied in length to suit the distance dependency of the property in question. Suitable 
functionalization of the macrocyde and one end of the thread should therefore lead 
to molecular switches that could perform several functions (Fig. 7.56). 

A similar strategy has been used to achieve fluorescence switching in [2}rotaxane 
F/Z-65 (Fig. 7.57) [135]. In E-65.214, the cr-cyclodextrin ring sits preferentially over 
the trans-stilbene unit and this co-conformation is further stabilized by strong hy-
drogen-bonding interactions between hydroxyl groups on the 3-rim of the cydodex-
trin and the isophthaloyl stopper group. As for the previous a-CD based systems (Fig. 
7.29, Sect. 7.5.5.1), photoisomerization of the stilbene unit can occur only when ther-
mal motion has moved the ring away from the binding site. The strength of the com-
bined hydrophobic and hydrogen-bonding interactions (even in water) for E-65.21-1, 
however, means that the shuttle is conformationaily locked - irradiation at 355 nm, 
which should isomer uze the stilbene moiety, results in no change to the system. For-
mation of the disodium salt of the isophthaloyl group (giving E-65.2Na) breaks the 
hydrogen-bonding network and although NMR studies show that the cyclodextrin 
continues to sit over the stilbene station, enough thermal motion is now present to 
enable photoisomerization, to give Z-65.2Na (photostationary state 63:37 Z: E). In this 
state, the cyclodextrin ring is forced to reside over the biphenyl group. The shuttling 
motion is accompanied by an increase of approximately 46 in the fluorescence in-
tensity of the 4-aminonaphthalimide stopper (A = 530 urn). This change is attrib-
uted to restriction of vibrational and rotational movement of the methylene and biaryl 
linkages thus disfavoring non-radiative relaxation processes. The shuttling and fluo-
rescence changes are completely reversible on re-isomerization to E-65.2Na at 
280 nm. 

The same researchers have elaborated this concept in [2]rotaxane E/Z-66 (Fig. 7.58) 
which contains two fluorophores; the intensity of each of these can be selectively en-
hanced depending on the position of the ring [136]. In this instance the configura-
tional switch is an azobenzene group but the operation is essentially the same as 
above. In E-66, the a-CD sits over the azobenzene moiety, thus enhancing the fluo-
rescence of the adjacent 4-aminonaphthalimide stopper (A = 520 nm). Photoiso- 
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merization to Z-66 (irradiation at 360 nm; photostationary state 59:41 Z:E) results in 
shuttling of the ring to the biaryl station, simultaneously reducing the intensity of the 
F 520  emission while enhancing the fluorescence of the right-hand fluorophore 

= 395 nm). The original state (100 % E-66) can be achieved on irradiation at 
430 rim and the process can be repeated over several cycles. 

7.63 
The Interface with Real-world Technology 

It has already been mentioned that the implementation of a technology based on mo-
lecular machines faces several problems with regard to the actual engineering of de-
vices and their interconnection with each other and with the macroscopic world. 
Although light-operated systems such as those discussed in Sect. 7.6.2.3 might have 
potential in some respects, the generally non-directional nature of emission process-
es would make specific communication between nanoscale devices difficult, and the 
focus resolution of laser light that might be used to address such systems is limited 
by the wavelength. On the other hand, systems designed to perform mechanical 
tasks, for example rotaxane dimer 62 described in Sect. 7.6.2.2, might require an-
choring to a massive object, and correlation of the efforts of many molecular ma-
chines will probably be required to produce a desired macroscopic effect. The devices 
and circuits outlined in Sect. 7.6.2.1 highlight the utility of electrical signals for se-
lective addressing of small-scale devices which seem to operate at the single-molecule 
level, yet the device dimensions are limited by the nature of the electrodes required. 

It is recognized that transfer of molecular machine technology to solid substrates 
might be a key step in the development of many potential applications. There are al-
ready several examples of switchable molecular recognition events (including thread-
ing and de-threading of pseudorotaxanes) which occur at surfaces functionalized 
with either host or guest components (137]. In one example the reversible recognition 
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event is also observed in a nanoporous silicate matrix [137f]. The state of the art has 
been demonstrated by Stoddart and coworkers who have harnessed the photochem-
ically triggered de-threading of a surface-mounted pseudorotaxane to release mole-
cules trapped in nanoscopic pores on the same surface [1381. In addition, switched 
conformational motions of immobilized, fully-covalent molecules have been used to 
alter the properties of surfaces [139]. 

The problem of achieving controlled movement within surface-mounted or solid-
state interlocked molecules is more demanding, however, with both components con-
strained by the solid support at all times. The first evidence for externally stimulated 
submolecular motion of a catenane in the solid state was observed when a vacuum-
evaporated thin film of benzylic amide [2]catenane 27 was subjected to oscillating 
electric fields, producing an unexpected second-order nonlinear optical effect [140]. 

Electrochemically-induced shuttling has been observed in self-assembled mono-
layers (SAM) on gold wire of an alkanethiol derivative of[2]rotaxane 61 [141]. Shut-
fling of the macrocycle on oxidation and subsequent reduction of the TTF unit was 
observed by voliammetry measurements in an analogous fashion to solution-state 
studies. Although this motion is occurring at the solid—liquid interface, the charac-
teristics of the shuttling process, which involves a relatively long-lived metastable 
state, provides some backing for the occurrence of similar submolecular motion in 
the solid-state devices discussed in Sect. 7.6.2.1. 

A different redox-active molecular shuttle could be orientated perpendicular to the 
surface of a titanium dioxide nanopartide, by attachment of a tripodal phosphonate 
unit at one end of the thread [142]. The use of nanopartides enabled characterization 
of the dynamic processes in the surface-mounted species by both 'H N MR and cyclic 
voltammetry. Redox-triggered shuttling of the macrocyde was indeed observed, al-
though in this example, positional integrity was found to be poor. 

A potentially useful way of detecting and subsequently communicating the state of 
any type of molecular switch is to translate its state into an electrical signal [143]. This 
has been accomplished for a molecular shuttle attached to the surface of a gold elec-
trode [144]. In this case, photochemically induced shuttling of a cydodextrin ring 
closer to the electrode surface was detectable as an increase in the rate of oxidation of 
a redox-active ferrocene unit attached to the mobile ring. 

Probe microscopy techniques such as scanning—tunnelling microscopy (STM) and 
AFM have been instrumental in the development of many fields over the last two 
decades, in particular where atomic-level movements are to be effected or ob-
served [145], yet their use in the study and operation of synthetic molecular machines 
is still relatively underdeveloped. Recently, however, this technology has been used to 
move components in interlocked molecules. In one report, an STM tip was used to 
reversibly move one or two adjacent cyclodextrin rings along the poly(ethylene gly -
col)-derived thread in a polyrotaxane [146). It has also been demonstrated that an 
AFM tip can be used to create a regular array of deformations on thin films of ben-
zylic amide-based rotaxanes [147]. This effect is unique to films made from inter-
locked molecules (compared with their non-interlocked components) and is a result 
of coupled nucleation recrystallization being favored by the ease of intercomponent 
mobility (even in the solid state) for these molecules. The characteristics of these fea- 
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tures are readily variable with the nature of the film and show potential for applica-
tion in information-storage technology. 

The high resolution achievable with atomically sharp microscope probes, together 
with the range of possible functions (e.g. mechanical, electrical, or thermal pertur-
bations and observations are all possible) suggests that such techniques may prove 
key in the future development of useful devices based on synthetic molecular ma-
chines. 

7.7 
Summary and Outlook 

The last few years have witnessed dramatic advances in the ability to control submol-
ecular motion in synthetic systems. Although these new-found skills continue to be 
refined, attention is now turning to the application of synthetic structures to perform 
useful tasks and create true molecular machines. Inspiration and assistance is con-
tinually offered as a result of the accumulating understanding of biological motor 
proteins and information processing, and the fantastic achievements of modern-day 
microelectronics and mechanical engineering, yet we must be sure to remember that 
the devices created by the synthetic chemist will have fundamentally different char-
acteristics, strengths, and weaknesses to their counterparts from other regimes. Con-
sequently, it is difficult to predict what the eventual applications of molecular ma-
chines will be. In the short term, changing surface properties, switching, and mem-
ory devices look particularly attractive. A greater challenge, however, would be to har-
ness the motion of submolecular components to perform useful work at the 
molecular-level - that is, to transduce the energy input from an external stimulus in-
to directed motion of some cargo or motion against an energy gradient. In each of 
Sects. 7.2, 7.3, and 75.7 we have seen the first examples of unidirectional rotors 
based on rotation around single, double, and mechanical bonds respectively. Al-
though the physical principles underlying unidirectional motion at the molecular-lev-
el were perhaps not fully appreciated by chemists before the creation of this first wave 
of systems, these molecules demonstrate the basic principles required to perform 
work at the molecular level. The development of molecular-level systems which per-
form functions by responding to stimuli as a result of Boolean logic operations [148] 
has clear relevance to the future development of compartmentalized molecular ma-
chines which are more sophisticated than this current generation of mechanical 
switches and simple motors. Although current efforts in molecular logic have con-
centrated largely on photonic supramolecular systems and have not been applied to 
systems which rely on mechanical motion, their successful operation suggests a way 
in which existing but relatively simple molecular machine components might be con-
nected to produce useful devices at the next level of complexity. 

As with many areas of chemistry, mimicry ofbiological systems continues to be an 
important driving-force in this field. There is a synergistic relationship between the 
two subject areas, with biology providing the inspiration and operating principles 
while the comparatively simplistic synthetic systems provide fully characterizable 
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models for the more complicated natural processes. An elegant example is the 
toroidal, processive epoxidation catalyst described by Rowan, Nolte, and cowork-
ers [149]. Although, one day, such systems might provide catalysts for post-polymer-
ization modification of polymers, the mechanically linked nature of the catalyst—sub-
strate complex should also provide important insights into the operation of the pro-
cessive enzymes which are so central to fundamental processes in the cell. 

Traditional covalent and noncovalent synthetic chemistry techniques are not the 
only route to molecular-level devices and machines. The unusual mechanical and 
electrical properties of nanotubes and other fullerenes constructed from boron 
nitride or carbon has enabled the downwards extension of current-day microelectro-
mechanical systems (MEMS; the current state of the art, and perhaps limit, of silicon-
based devices) toward true nanometer-scale electromechanical systems 
(NEMS) [150]. This is an example of "hard nanotechnology", but another area of in-
tense interest involves so-called "soft" nanomaterials. This area encompasses func-
tional materials created by self-assembly processes giving organized arrays of mole-
cules on "hard" templates. Smaller length-scales and milder conditions are achiev-
able compared with silicon-based lithography techniques [151]. Such processes might 
prove useful in the organization of synthetic molecular machines to create useful de-
vices. Also included in this area however are several materials, for example polymers 
and gels, in which macroscopic mechanical motion can be generated in response to 
an external stimulus. Traditionally, these effects have been non-specific processes 
such as the uptake or expulsion ofcounterions during redox processes [152], yet there 
has been a recent move toward the creation of polymeric materials which stretch and 
contract as a result of specific molecular interactions [153] or nuclear arrange-
ments [154]. 

Yet another field of interest turns to biology for the components to construct "arti-
ficial" molecular devices. Although some impressive successes have been achieved 
by harnessing biological motors to power motion outside the cell [155], others have 
borrowed one of Nature's most useful construction materials - nucleic acids - to 
build novel constructs capable of molecular-level motion [156]. 

Although the field is in its infancy, it is clear that the concept of harnessing molec-
ular-level motion to perform useful tasks is exciting researchers in many disciplines. 
Creating entirely synthetic molecular machines should enable us to exploit the full 
potential of synthesis to create systems with currently unrealized characteristics - to 
use controlled mechanical motion to drive chemical reactions, make artificial ma-
chines which can "sort" ions into different types, or drive themselves and their cargo 
energetically uphill along tracks. Equally important will be the experimentally-de-
rived insight into motion at the molecular level which will tell us how biological sys-
tems work. For synthetic molecular machines, the best is yet to come. 
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We compare constant amplitude frequency modulation atomic force microscopy (FM-AFM) in ambient 
conditions to ultrahigh vacuum (UHV) experiments by analysis of thin films of rotaxane molecules. Working 
in ambient conditions is important for the development of real-world molecular devices. We show that the 
FM-AFM technique allows quantitative measurement of conservative and dissipative forces without instabili-
ties caused by any native water layer. Molecular resolution is achieved despite the low Q-factor in the air. 
Furthermore, contrast in the energy dissipation is observed even at the molecular level. This should allow 
investigations into stimuli-induced sub-molecular motion of organic films. 
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I. INTRODUCTION 

In Frequency Modulation Atomic Force Microscopy 
(FM-AFM) a cantilever with a nanometer-sized probe is self-
oscillated at its resonant frequency. Small changes in the 
resonance can be readily detected corresponding to a force 
interaction between tip and sample. In an ultrahigh vacuum 
(UHV) environment the technique is capable of imaging 
surfaces with true atomic resolution regardless of 
conductivity. '- This is important for organic material appli-
cations, since most organic materials have poor conductivity. 
Indeed, molecularly resolved images of organic adsorbates in 
UHV have been presented .4-7  In addition the entire distance 
range of the force interaction can be unambiguously quanti-
fied without instabilities.' ,'- ' o  The FM-AFM technique can 
also distinguish between conservative and dissipative forces, 
see, for example, Ref. 11. The conservative tip-sample force 
interaction results in a reversible change with distance in the 
cantilever resonance, without any loss of cantilever vibra-
tional energy. On the other hand, the dissipative force inter -
action results in the loss of the cantilever vibrational energy. 
In the constant amplitude FM-AFM mode a feedback loop 
keeps the oscillation amplitude constant. The energy dissipa-
tion caused by the tip-sample interaction in FM-AFM is 
manifested as an increase in the excitation amplitude. This 
dissipation can be quite large, anywhere from 0.1 to a few 
eV depending on the sample, the interaction area, and the 
environment, 12.13  and moreover can be imaged at a single 
molecular or even atomic scale. 12"4  In the context of mo-
lecular thin films, dissipation is thought to be related to the 
local mechanical properties of the sample. 

Real world chemical and biological applications require 
operation in air or liquid environments. In the liquid environ-
ment, where meniscus forces are not present, the FM-AFM 
technique is being adopted.'' 9  In ambient conditions the 
presence of any native water layer limits the imaging reso-
lution and resolution of the full range of the force interaction. 

Some FM-AFM experiments in air have also been 
presented. 20  Recently Sasahara et al. imaged oxygen-atom 
vacancies as depressions in oxygen atom rows in a controlled 
dry N2  environment after back-filling of a UHV chamber. 2 ' 

Fukuma et al. also imaged a hydrophobic alkanethiol SAM 
with true-molecular resolution. HOlscher et al. used the 
constant excitation FM-AFM method to quantify the force in 
ambient conditions valid for large cantilever oscillation 
amplitudes. 23 ' 24  Using the related dynamic technique of am-
plitude modulation AFM (AM-AFM) with - I nm cantilever 
oscillation amplitudes in the attractive force regime, Ansel-
metti el al. reported single molecular resolution of a hexago-
nal packed intermediate protein layer. 21  By monitoring the 
Q-factor of the cantilever as a function of tip-sample distance 
an indication of the energy dissipation was provided. For 
realistic future applications including molecular sensors the 
constant amplitude FM-AFM technique should be important 
for molecular-scale investigations; the advantages of the 
technique make it useful for the imaging of soft and easily 
damaged samples without the high loading forces associated 
with contact mode AFM, while offering high spatial resolu-
tion and the possibility for single molecule sensing, and with 
the capability of distinguishing the conservative and dissipa-
tive force interaction. In this study we consider an FM-AFM 
experiment carried out in UHV and show comparable results 
in air. We discuss the important information that can be ob-
tained with the technique in relation to a specific system of 
rotaxane molecules. This information includes qualitative 
imaging, high-resolution imaging, exact determination of the 
force irrespective of the oscillation amplitude, and quantita-
tive energy dissipation imaging at different length scales. 

Rotaxanes are molecules with two parts—the "thread" (a 
chain-like section with two bulky stoppers) and the 
macrocycle—that are mechanically interlocked but not co-
valently linked. The macrocycle is situated most of the time 
at stable low energy sites on the thread, where optimal non-
covalent inter-component interactions are achieved. Relative 
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FIG. 1. Molecular structure of exopyridyl fumaramide rotaxane 
(EFR). 

motion of the two components is driven by Brownian motion 
and can be controlled by altering the binding affinity be-
tween the macrocycle and different parts of the thread. 26  
Since organic molecules show characteristic electrical and/or 
optical properties that are greatly sensitive to the molecular 
structure and conformation, rotaxane molecules have at-
tracted a lot of attention as possible future molecular 
devices. 2729  The molecules in this study are constructed 
from a fumaramide-containing thread, around which a ben-
zylic amide macrecycle is assembled in a hydrogen-bond 
directed process. 30  In solution, the macrecycles exhibit con-
tinuous rotational ("pirouetting") motion with respect to the 
thread. Upon irradiation at 254 nm, the fumaramide (trans-
double bond) unit is switched to a maleamide (cis-double 
bond) unit and in solution it is found that this results in an 
increase in the rate of macrocyle pirouetting by a factor of 
106 . 31  Other similar benzylic amide rotaxanes can have dif-
ferent kinds of switching behavior, 32  and from the results 
of the simple molecule used in this paper we may predict 
some of their behavior on a surface. In the solid-state such 
molecules are usually immobilized in a fixed conformation 
due to intermolecular hydrogen bonding. 35  The extra degrees 
of freedom associated with surface immobilization however, 
have been shown to permit sub-molecular motions and 
switching processes in a number of interlocked 
architectures. 45  Light switching of the properties of other 
types of organic thin films has also been demonstrated. 50  
Using single-molecule force spectroscopy, where a long 
polymer chain was stretched between tip and sample, light-
induced switching of an azobenzene polymer was directly 
observed on a molecular scale. 5 ' If we can develop dissipa-
tion imaging in ambient conditions on this model rotaxane 
system this technique may provide the opportunity to study 
externally stimulated sub-molecular motion at the local mo-
lecular level simultaneously with topography in this practical 
environment. 

IL EXPERIMENT 

The synthesis of fumaramide rotaxane molecules has been 
described elsewhere and the exopyridyl version used in this 
study (as shown in Fig. 1) was prepared by an analogous 
method. 3° Samples were prepared by dropping from acetone 

FRI 2. \Ics-sik Fv1-AFs1 WLL1C 	an III' Him turn on 
HOPG (a) in UHV before annealing (464 nm X 558 nm, cantilever: 
Nanosensors NCH. if=-15 Hz, a=8 nm). (b) in UHV after an-
nealing (500 nmX500 nm, cantilever: NCH, if=-2() Hz, a 
=8 nm). (c) in ambient conditions no annealing (500 nm 
X 500 nm, cantilever: Nanosensors EFM. uf=-25 Hz, a=9.6 ram, 
Q= 154). 

solution (FIPLC grade, Aldrich). 0.005 mM solutions of ex-
opyridyl fumaramide rotaxane were dropped (14 id/cm 2) 

onto a freshly cleaved HOPG surface (ZYA quality, NT-  
MDT) to give approximately one monolayer surface cover-
age. To achieve homogeneous evaporation of the solvent the 
evaporation speed was reduced by reducing the temperature 
of the dropped solvent to approximately five degrees by re-
frigeration. Furthermore, during evaporation the sample was 
in a closed 500 cm  container in the presence of desiccant to 
prohibit condensation of water on the cold acetone. 

A commercially available FM-AFM (JEOL JSPM-4500) 
with some modifications was used for UHV imaging (base 
pressure: About 1 X 10 Pa). The original frequency shift 
detector was replaced with a newly developed frequency 
modulation detector. 52  A highly doped n-Si cantilever 
(Nanosensors: NCH) with a resonance frequency of about 
300 kHz and a nominal spring constant of 40 N/rn was used 
for FM-AFM imaging. The Q factor measured under UHV 
conditions was about 30 000. After preparation the sample 
was immediately placed into the IJHV chamber. For anneal-
ing, the sample was removed and annealed in air at 150 °C 
for two hours and re-introduced to the UFIV chamber. 

An Asylum MFP-3D with some modifications was used 
for imaging in ambient conditions, operated in FM-AFM 
mode with piezo activation or magnetically activated canti-
levers (MAD-Mode) . 53  In the latter method the lever is os-
cillated by the magnetic field of a current-carrying coil. Us-
ing the same Nanosensors NCH cantilevers as above a 
magnetic particle of NdFeB (with dimensions around 
20 microns) was attached with epoxy to the end of the back-
side of the cantilever. After attachment the resonance of the 
lever was typically reduced to about 50 kHz. The Q-factor in 
ambient conditions was around 500. A home-built piezo tube 
scanner was used for high resolution imaging. 

All measurements were performed in the constant fre-
quency shift mode, where the negative frequency shift of the 
cantilever resonance frequency (Af) induced by the tip-
sample interaction was kept constant during FM-AFM imag-
ing. The cantilever is vibrated at constant amplitude, where 
the vibration amplitude of the cantilever (a) was kept con-
stant by adjusting the amplitude of a cantilever excitation 
signal In this excitation mode, energy dissipation 
caused by the tip-sample interaction can be estimated from 
the additional increase of Thus, the dissipation image 
was obtained as a two-dimensional map of A, 
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fIG. 3. Molecular-scale L'M' INI-Al-NI ijiiaae ol an El-H thin 
film on HOPG. (a)—(c) Before annealing and (d) annealed sample, 
((a): 9 nmX9 nm, f=-150 Hz, a=6.5 nm, (b): 9 nmX9 nm, 

f=-150 Hz, a=6.5 nm, (c): 9 mnX9 nm, if=—l70 Hz. a 
=6.5 nm, (d): 9 nmX9 nm, if=-180 Hz. a=5.9 nm; measured 
lattice parameters: a, 1= 1.65 nm±0.l nm, b5 .f= 1.35 ±0.1 nm, 0 
= 70 0  ± 20).  

UL RESULTS AND DISCUSSION 

Figure 2(a) shows an FM-AFM image of a thin film of 
expyridyl fumaramide rotaxane on HOPG. The orientation of 
the domains according to the lattice direction of the substrate 
shows that the molecule grows epitaxially on graphite. After 
annealing [Fig. 2(b)] it can be seen that the domain edges are 
straight and that domains are more clearly defined. The in-
creased uniformity of the surface indicates that the energy 
provided by the annealing process has resulted in rearrange-
ment of the molecules in a lower energy configuration. Fig-
ure 2(c) demonstrates that the shape of the domains can also 
be evaluated by FM-AFM imaging in air. 

Molecular-scale topographic images of the un-annealed 
sample are shown in Figs. 3(a)-3(c). Individual molecules in 

b3  

FIG. 4. Apparent equilibrium reconstruction of the EFR turn on 
HOPG after annealing with parameters: a3,1=  1.65 mm, b,f= 1.37, 
8=68°. 

FIG. 5. Molecular-scale ambient FM-AFM topography image of 
EFR thin film on HOPG (70 nm X 70 nm. cantilever: Nanosensors 
NCHR+magnet, a=10.8 run, if=-35 Hz). 

the rows can often be resolved, however, no periodic inter -
molecular distance is found along the rows (stripes in the 
image) and the rows arc also unevenly spaced. The mol-
ecules are in a somewhat disordered nonequilibrium arrange-
ment. In the case of the annealed sample [Fig. 3(d)], there is 
strong periodicity in both directions. This increase in long 
and short-range order is typical of the annealing process. 
Heating the sample gives the molecules the extra energy re-
quired to move from their local energy minimum and break 
up the nonequilibrium packing structure. In fact, the mea-
sured dimensions of U rurf=l.65±0.l nm and 
= 1.35±0.1 nm with 0=700  strongly suggests a commensu- 

rate molecular reconstruction of the form: 
where M=[]1  ] as illustrated in Fig. 4. 

Strong intermolecular interactions in a closely packed 
film are rcstnctivc to sub-molecular motion so it is not nec-
essarily a good thing that the film is well ordered and it is 
useful that we are able to access the many nonequilibrium 
film-structures shown in Figs. 3(a)-3(c). 

Figure 5 is a large image taken in ambient conditions, 
which shows clear molecular-scale features and has been 
chosen because it shows two neighboring domains and, 
therefore, true structure, as opposed to periodic noise. The 
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FIG. 6. Moleculai -,1c F H\ FM-Al-NI images of an EFR thin 
film on HOPG. Simultaneous topography (a) and dissipation (b) 
images (23.2 nmX27.9 rim, cantilever: NCH. if=-100 Hz, a 
=8.9 nm). 
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FIG. 7. Typical frequency. force and dissipation vs tip-sample 
distance curves in ambient conditions, dots: Raw data, line: 
Smoothed data (Cantilever: NCHR+magnet. Q=510, a=8.9 nm). 

film structure dimensions are consistent with those measured 
in UHV for the un-annealed sample. Despite the lower 
Q-factor of the cantilever in air (500) compared to vacuum 
(-30 000), the presence of a liquid layer and contamination 
from long-chain hydrocarbons always present in ambient 
conditions, the resolution is still very high. The tip can move 
through the liquid layer while imaging the film, and any 
surface contamination must only be loosely bound and does 
not affect the imaging. The FM-AFM technique should thus 
be useful for the many kinds of study where high resolution 
is desirable. 

The disordered or loose packing commonly found in or-
ganic thin films (and hence their stability against the tip-
sample interaction force) has a strong influence on the con-
trast formation in energy dissipation images. Dissipation is 
increased on less ordered, less well-packed surfaces, both at 
the molecular scale and the meso scaIe. 5-6  Fukuma et al. 
showed that the contrasts are probably related to the number 
of molecules interacting with the tip—the more molecule\ 
interacting with the tip the greater the energy transfer; thus at 
the molecular scale the dissipation image shows inverted 
contrast relative to the topographic image.' Figure 6 shows a 

molecular-scale topographic image [Fig. 6(a)] of a nonequi-
librium arrangement of the rotaxanes and the corresponding 
map of Aerc  (dissipation image) [Fig. 6(b)], taken in UHV 
conditions. The dissipation image displays essentially in-
verted contrast with respect to the corresponding topographic 
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Fl(,. . vlc\>-.tIe dilihiem l\l .\l\1 simultaneous topography 

(a) and dissipation WI images 0) an EFR thin film on HOPG 
(500 nmX 500 rim, zf=-26 Hz, a=11.8 rim). 

image. Arrows A and B mark the same points on each image. 
Position A corresponds to a tip position directly above a 
molecule. The internal motion of the molecule provides a 
coupling pathway and energy is dissipated into the sample. 
At position B the tip is over an intermolecular space and 
more than one molecule is involved in the dissipation pro-
cess and thus the relative contrast is increased in these 
places. This explains the contrast inversion between the two 
image types. Images of A such as these are easily con-
verted to quantitative images of the average dissipated en-
ergy per oscillation. 54 

In ambient conditions the native layer of water adsorbates 
is often a problem for AFM techniques. "Contact mode," 
while allowing exact determination of the force, suffers from 
"jump-to-contact" instabilities (caused when the force gradi-
ent is higher than the cantilever stiffness) and adhesion in-
stabilities (caused by a water meniscus between the tip and 
the local sample area). "Intermittent-contact mode" can over-
come these obstacles with large amplitudes and stiffer canti-
levers, however, unambiguous determination of the force is 
difficult with this technique. 5 ' The FM method with a con-
stant amplitude has the same advantages but allows recovery 
of the force, which has been demonstrated in liquid and 
UHV environments. 589  Furthermore, in the FM method the 
attractive and repulsive force regions are easily distinguished 
which allows for exact control of the force. A portion of the 
attractive part of the force versus distance curve for a tip 
with a magnetically activated cantilever in ambient condi-
tions is shown in Fig. 7. Force is calculated from the fre-
quency shift using the method of Sader and Jarvis via the 
equation: 

F(z) = 2kJ (i 
+ 	0112 	

)t) 	
a 	

dir  
87r(t—z) 	- J2(t-z) di 

(I) 

where Q(z)=f(Z)/frec,  k is the cantilever spring constant, a 
the .ci at ion amplitude.: k the till-sample separation, . f 

FlU. . Nlai 	. -.. ,a. iIibICIit 1 MAtM simultaneous topog- 

raphy (a) and dissipation (b) images of an EFR thin film on HOPG 
(30 rim X3O rim. f=-52 Hz, a=8.9 rim). 
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is the resonance frequency of the cantilever, and fre5  is the 
unperturbed resonance frequency.' °  This formula is valid for 
all oscillation amplitudes. The dissipation is calculated from 
the formula: 

1Tka2

( A.,0

A1\ 	
(2) E= - 

Q  

where Q is the quality factor, Ae,  is the excitation voltage, 
and A e  is the excitation voltage away from the surface. 
Jump-to-contact instabilities do not occur and the retract 
curve (not shown) follows the approach exactly (i.e., no ad-
hesion from the water layer occurs) and, therefore, we have 
shown that with this technique we can stably measure the 
force even in ambient conditions. 

Figure 8(a) shows a 500 nm scan with the same cantilever 
with the corresponding quantified dissipation image [Fig. 
8(b)] in units of eV per oscillation. The dissipated energy is 
greater on the rotaxane monolayer. The contrast in this large-
scale image is essentially the same as in the height trace, the 
sub-molecular motion of the film providing more dissipation 
channels than the graphite. The molecular-scale dissipation 
contrast, however, [Fig. 9(b)], captured using the same tip is, 
by contrast, inverted with respect to the height trace [Fig. 
9(a)]. In this image the presence of a defect in the film indi-
cates that the image shows true structure. For the higher 
resolution image a smaller amplitude, but also a greater fre-
quency shift set point (-52 Hz) is used. The optimum force 
is probably similar in both cases. Unstable imaging condi-
tions occur if this force is exceeded, presumably because the 
tip enters the repulsive force region where the feedback po-
larity is reversed. The inversion of the dissipation image at 
the molecular scale compared to the meso-scale supports our 
proposed mechanism of increased dissipation when the num-
ber of energy transfer pathways is increased (by increased  

internal molecular motion), as opposed to a simple tip arte-
fact. If this contrast difference were, for example, due to 
contact potential differences between graphite and the mol-
ecules, then this would imply that at a molecular scale the 
contrast would not be inverted as in Figs. 6 and 9, but would 
show similar contrast to topography-i.e., higher above the 
molecules and lower above the molecular spaces. Observa-
tion of increased molecular motion (and hence increased dis-
sipation) as a result of externally induced molecular switch-
ing would seem possible, therefore, by dissipation imaging. 

Observing switching of material properties of organic 
films is a specific potential usefulness of the FM-AFM tech-
nique in ambient conditions, especially if this is performed at 
the molecular level. 

IV. CONCLUSIONS 

We have demonstrated the stable imaging capabilities of 
the constant amplitude FM-AFM outside of UHV and the 
high resolution imaging of a soft organic film despite low 
Q-factor and the native water layer. Accurate determination 
of the interaction force was also achieved. The energy dissi-
pation was quantitatively measured even at the molecular 
level, by which means induced sub-molecular motion may be 
observed in the future. These experiments help to demon-
strate the increasing accessibility FM-AFM technique out-
side of UHV and the potential usefulness of the technique for 
the development of practical chemical and biological appli-
cations, which should help make this important technique 
more attractive to a wider audience. 
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Thin films of fumaramide [2]rotaxane, a mechanically interlocked molecule composed of a 
macrocycle and a thread in a "bead and thread" configuration, were prepared by vapor deposition on 
both Ag(l II) and Au(l II) substrates. X-ray photoelectron spectroscopy (XPS) and high-resolution 
electron-energy-loss spectroscopy were used to characterize monolayer and bulklike multilayer 
films. XPS determination of the relative amounts of carbon, nitrogen, and oxygen indicates that the 
molecule adsorbs intact. On both metal surfaces, molecules in the first adsorbed layer show an 
additional component in the C Is XPS line attributed to chemisorption via amide groups. 
Molecular-dynamics simulation indicates that the molecule orients two of its eight phenyl rings, one 
from the macrocycle and one from the thread, in a parallel bonding geometry with respect to the 
metal surfaces, leaving three amide groups very close to the substrate. In the case of fumaramide 
[2]rotaxane adsorption on Au(1 11), the presence of certain out-of-plane phenyl ring and Au-0 
vibrational modes points to such bonding and a preferential molecular orientation. The theoretical 
and experimental results imply that the three-dimensional intermolecular configuration permits 
chemisorption at low coverage to be driven by interactions between the three amide functions of 
fumaramide [2]rotaxane and the Ag( ill) or Au( 111) surface. © 2005 American Institute of Physics. 

[DOI: 10.1063/1.2137694] 

I. INTRODUCTION 

Rotaxanes' are mechanically interlocked molecules in 
which one or more macrocycles are locked onto a molecular 
thread with bulky stoppers at both ends. The "mechanical 
bond" that holds the components of the molecule together is 
dynamic, and can therefore be used to modify a molecule's 
properties through external stimuli, as has been demonstrated 
using an electric field and light. 2  Hence, rotaxanes are con-
sidered as key elements for the development of nanoscale 
devices with mechanical effects in the macroscopic world. 
To date, most studies have focused on the behavior of such 
molecules in solution.' °  It is, however, through controlling 
their properties in the solid state that rotaxanes offer the 
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francesco.zetheuo(Lbunibo.it  
' tAuthor to whom correspondence should be addressed. Electronic mail: 
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d)Aur  to whom correspondence should be addressed. Electronic mail: 

p.nslolf@rug.nl  

greatest potential as versatile building blocks for the devel-
opment of advanced materials. 10  Recent studies have shown 
that rotaxane thin films can be patterned in a controlled way 
at the nanoscale, an essential feature for information storage 
applications. 11 Rotaxanes have also been proposed as novel 
photonic molecules, useful for electronic and optical 
purposes. 3  

In the present work we investigate the nucleation and 
growth of fumaramide [2]rotaxane thin films on Ag( Ill) and 
Au(l 11) surfaces. The fumaramide [2]rotaxane comprises a 
benzylic amide macrocycle mechanically interlocked on a 
fumaramide thread. 5  Ag( Ill) and Au( 111) substrates were 
chosen because for noble metals one expects that molecule-
substrate interactions and molecule-molecule interactions are 
similarly strong so that one does not dominate the other. 

This paper focuses on the characterization of fumara-
mide [2]rotaxane films with monolayer and bulklike cover-
ages, prepared by sublimation in ultrahigh vacuum onto 
Ag( 111) and Au( Ill) substrates and studied by x-ray photo-
electron spectroscopy (XPS) and high-resolution electron- 
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FIG. I. Schematic drawing showing the chemical structure of fuinaratnide 
[2]roaxane. 

energy-loss spectroscopy (HREELS). Molecular-mechanics 
simulations were used to visualize the behavior and three-
dimensional configuration of the adsorbed fumararnide [21ro-
taxane. 

II. EXPERIMENTAL DETAILS 

The synthesis of fumaramide [2]rotaxane ([2]-
(1,7,1 4,20-tetraaza-2,6, 15,1 9-tetraoxo -3,5,9,12,16,18,22,25-
tetrabenzocyclohexacosane)- (E)-(N, N' -bis(2' .2' -diphenyl 
-ethyl)-2 '-butanediamide)rotaxane) has been described 
elsewhere. 5  The chemical structure is depicted in Fig. 1. 

Ag substrates were prepared by vacuum sublimation 
onto freshly cleaved mica. The silver layer thickness was 
400 nm as determined by a quartz microbalance mounted 
next to the growing film. The gold substrate was aAu(lll) 
single crystal. Prior to fumaramide [2]rotaxane deposition, 
the Ag or Au substrate was cleaned in an UHV system (base 
pressure of 2 X I -IO  Torr) by cycles of argon ion bombard-
ment and annealing until no contaminants could be detected 
by XPS or HREELS. 

Fumaramide [2]rotaxane was sublimed in situ onto the 
substrates kept at 300 K using a custom-built cell which con-
sisted of a Pyrex crucible topped with a 2 mm stainless-steel 
collimator. The crucible was heated resistively to 470 K with 
the temperature being measured by a chromel-alumel junc-
tion fixed at the tube exit. Exposures were monitored using 
an uncalibrated Bayard-Alpert ionization gauge. The organic 
film thickness was such that any interfacial interaction with 
the substrate is obscured, to the extent that the Ag 3d or Au 
4f signal was totally attenuated, and hence we can consider 
that the photoemission features observed are representative 
of bulklike solid-state samples. In order to prepare a mono-
layer film, we first deposited a bulklike film and then an-
nealed it in situ to induce desorption of multilayers. leaving a 
chemisorbed monolayer. This method has been used else-
where for similar molecules. 12 - 14 

The XPS measurements were performed in two different 
laboratories. The films deposited on silver were analyzed us-
ing an X-probe Surface Science Laboratories photoelectron 
spectrometer with an Al Kcr monochromatic x-ray source 
(h P= 1486.6 eV). The energy resolution was set to 1.1 eV 
and the photoelectron take-off angle was 37°. The films de-
posited on gold were analyzed using a Scienta ESCA 300 
photoelectron spectrometer, also with an Al Ka monochro- 

matic x-ray source. The energy resolution was set to 0.8 eV 
and the photoelectron take-off angle was 90°. The binding 
energies were referenced to the Ag 3d or Au 4f core levels. 
The base pressure in the spectrometers was in the low 
10 0  Torr range. Spectral analysis included a Shirley back-
ground subtraction for C I s, linear background subtraction 
for N Is and 0 Is (see endnote' 5), and peak separation using 
mixed Gaussian-Lorenizian functions in a least-squares 
curve-fitting program (wINsPEc) developed at Laboratoire 
lnterdisciplinaire de Spectroscopie Electronique, Facultés 
Universitaires Noire-Dame de la Paix, Belgium. The photo-
emission peak areas of each element, used to estimate the 
amount of each species on the surface, were normalized by 
the sensitivity factors of each element, including analyzer 
transmission. Three different points of each sample were 
analyzed to check for homogeneity. Within the error bars 
quoted, we found the same atomic percentages for all points 
of the same sample and therefore concluded that all samples 
can be considered homogeneous. 

HREELS data were collected with a Riber Sedra spec-
trometer equipped with sample preparation and main analy-
ser chambers operated at base pressures in the low 10 and 
10_ 0  Torr, respectively. The analysis chamber consisted of 
180° hemispherical monochromator and analyzer ensemble 
described in more detail elsewhere.  16  HREELS spectra were 
recorded with an incident beam energy of 6.0 eV and col-
lected in specular (0,=0,.=45°) scattering geometry. The 
spectra presented here were normalized to the specular elas-
tic peak intensity. The instrumental resolution, defined by the 
full width at half maximum (FWHM) of the elastic peak, was 
13 meV for these measurements. 

For the molecular-dynamics simulations, we used the 
same model we employed recently to investigate a variety of 
other molecular adsorbates on Au(lll), where the experi-
mental adsorption energies were reproduced within 
I kcal mol'. Examples of past applications include (i) the 
adsorption of alkanes and 1-alkenes on Au(lll),' 7  where the 
adsorption energies of short chains, up to C 10, were repro-
duced with an average error of less than 1 kcal mol', and 
the unexpected transition to disorder that occurs for the 
deposition of alkyl chains between 18 and 26 carbon atoms 
was explained; (ii) the apparent symmetry breaking of the 
present macrocyle on the Au surface; 12  (iii) the substitution 
kinetics of thiols on self-assembled monolayers;' t  (iv) the 
existence of two surface reconstructions for C60  adsorbed on 
Au(ll0),' 9  and the adsorption and dynamics of DNA bases 
on Au(III) where the energies of adsorption were also 
within I kcal mol' from the experimental values. 20  The 
model does not require a priori definitions of bonds between 
the atoms of the molecules and those of the metal. The mol-
ecules are therefore free to drift on the surface, which can, in 
turn, reconstruct. The relative simplicity of the approach, 
which, however, requires the inversion of large matrices, al-
lows the investigation of rather large unit cells. Under the 
same conditions, the use of modern density-functional-
theory-based programs would be too demanding for the 
present computer hardware, especially for applications where 
large unit cells are necessary in conjunction with long dy-
namic runs. 
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TABLE I. Comparison between the experimental atomic percentages de-

rived from the  photoemission peak areas of fumaramide [2lrotaxane and the 

theoretical values calculated from the stoichiomeiry of the rotazane. 

Atomic 	Theoretical 	 Monolayer Monolayer on 

(%) 	stoichiometry 	Multitayer 	on Au 	 Ag 

Carbon 84.2 84.8±1.7 84.3±1.7 83.1±1.7 

Oxygen 7.9 7.5±0.8 7.2±0.8 8.2±0.8 

Nitrogen 7.9 73±0.8 8.5±0.8 8.7±0.8 

The calculations were performed for a single molecule 
of rotaxane deposited on Au( Ill) and Ag( Ill) surfaces. Its 

structure was minimized using the TINKER molecular-

mechanics/dynamics software package. 
2 -23 The embedded 

atom model was used in describing the metal-metal interac-
tions, a MM3 force field for the organic-organic part, and a 

modified Morse potential [Eq. (l)] in the description of 

metal-organic interactions. 

U(r 1)— e(l —{l —exp[—A(r,—rj)1}2). 	 (1) 

In addition, the charge equilibration scheme of Rappe 

and Goddard 
21  was applied throughout the whole system. 

This method can be used to study the evolution of partial 
charges when the chemical environment or molecular geom-

etry changes. The metal-organic interaction model was cali-

brated to produce experimental desorption geometries and 
energies of small organic fragments consisting of similar 

chemical groups that can be found in fumaramide [2]rotax-

ane. A (I 11) metal surface model consisting of five layers of 

20 x 20 atoms was used and the lowest layer of metal atoms 

was kept fixed during the calculations. The top four layers of 

the surface model were allowed to relax or reconstruct to 

achieve the lowest energy. Details of the Ag-organic adsorp-

tion model will be discussed elsewhere. 4  

III. RESULTS AND DISCUSSION 

A. X-ray photoelectron spectroscopy 

Although fumaramide [2}rotaxane is stable at room tem-

perature in air, 5  it is important to verify that the molecule 

remains intact when sublimed in vacuum. Photoemission 

spectra of the C Is, 0 Is, N Is, Au 4f, and Ag 3d regions 

were measured for both monolayer and multilayer rotaxane 

films. In the case of C Is, 0 Is, and N Is core levels, we 

observed binding energies and line shapes consistent with the 
chemical structure and the stoichiometry expected if fumara-

mide [21rotaxane adsorbs intact. A quantitative analysis of 

the fumaramide [2rotaxane XPS spectra allows us to deter-

mine the amount of C, N, and 0 (excluding hydrogen, which 
cannot be detected by )(PS) on the surface from the photo-

emission peak area of each element. The error on the photo-

emission peak areas was estimated depending on the signal/ 
noise ratio in the spectrum for each element. The carbon 

signal is better defined; thus the error was found to be 2%. 
The nitrogen and oxygen signals are weaker, producing 

noisier spectra, and therefore a more substantial error of 10% 

was estimated in the peak area. The experimental data pre-

sented in Table I show good agreement with theoretically  

294 292 290 288 286 284 

Binding Energy (eV) 

FIG. 2. X-ray photoernission spectra of the C Is core levels for: a fumara-

mide [2]rotaxane (a) multilayer on Ag(I II), (b) monolayer on Ag(ll I). and 

(c) monolayer on Au(IIl). Raw data (•) and fit to the experimental data 

calculated values. Hence, we conclude that fumaramide 

[2}rotaxane remains intact following sublimation in vacuum. 

We also checked the stability of the fumaramide [2]ro -
taxane upon exposure to the x-ray beam and the secondary 

electrons produced by photoemission in the underlying 

metal. Upon monitoring the line shape and relative intensity 

of the C Is, N Is, and 0 Is core levels as a function of 

irradiation time, we found no evidence of a charging effect or 

structural degradation. 
Figure 2 shows the C is photoemission lines and their 

mathematical reconstruction for a fumaramide [2]rotaxane 
multilayer on Ag(llI), a monolayer on Ag(llI) and a mono-

layer on Au(lll). While rigorously there are sixteen chemi-

cally distinct carbon environments in the fumaramide [2]ro-

taxane, in practice XPS may not distinguish between the 

various types of phenyl ring carbon. Hence, the mathemati-
cal decomposition procedure consists of fitting a minimum 
number of peaks consistent with the raw data and the mo-

lecular structure of the adsorbate with the simplification of 
assuming equivalent aromatic carbon atoms. In Fig. 2(a), the 

fit was carried out assuming a molecule with three distinct 

chemically shifted C Is core-level emissions occurring at 
285.4, 286.3, and 288.8 eV attributed to the aromatic, ali-

phatic, and carbonyl components. The shake-up structure as-

sociated with ir-ir transitions of the phenyl rings can be 

observed at 292.3 eV and it represents around 5% of the C 

Is signal originated by the phenyl rings, in agreement with 

the data found for compounds with a similar chemical 
structure? The area ratio for the three distinct components is 

—2.3:15, which is in agreement with the stoichiometry of 
the molecule. The 1.1 eV binding-energy shift relative to 

benzene (284.3 eV) (Ref. 26) is understandable given that 

17% of the phenyl ring carbon are bound to CH 2 N}I or 

NHCO moieties which themselves display C Is binding en-

ergies well within the range reported in literature. 
25.27 

Comparing the multilayer spectrum with the monolayer 
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inide [21rotaxane (a) multilayer on Ag( III), (b) monolayer on Ag( Ill), and 

(c) monolayer on Au(1l I). Raw data (•) and hi to the experimental data 

spectra in Figs. 2(a) and 2(b), an additional feature can be 
distinguished at 286.9 eV. Taking into account the area ratio 
of the C Is components (-1:1:3:15), the stoichiometry of 
fumaramide [2]rotaxane and previous studies, 12  we conclude 
that the carbonyl contribution splits into two peaks at 288.8 
and 286.9 eV, suggesting that three amide groups interact 
with the substrate. Thus, the additional component is reason-
ably assigned to the carbonyl group involved in Ag—O or 
Au-0 bonding, in agreement with the molecular rearrange-
ment found by the molecular-dynamics simulations (see be-
low). Chemisorpiion of the oxygen atom to the substrate sur-
face gives rise to charge redistribution in the amide function 
and, in particular, alters the amount of electronic charge con-
tributed to the C=O bond. The presence of the ir-ii 
shake-up transition at 292.3 eV indicates that the interfacial 
bonding does not disrupt the electron conjugation of the phe-
nyl rings; hence, any interactions between the surface and the 
aromatic groups are weak. There is no difference between 
the C Is core level of the monolayer deposited on Au( 111) 
and the one deposited on Ag(1l I). 

In Fig. 3(a) we present the N Is photoemission line for a 
multilayer film of fumaramide [2]rotaxane on Ag. The sym-
metric peak is centered at 400.3 eV and is therefore shifted 
by 0.5 eV to higher binding ener relative to the reference 
moiety CH 2CONH (399.8 eV). 2  Presumably, this is a 
consequence of additional bonding to CH 2  and aromatic 
groups and perhaps, to a lesser extent, of the involvement in 
intermolecular hydrogen bonding interactions. Again XPS 
cannot distinguish between all the different types of nitrogen 
present in the N is spectra; however, their existence is re-
flected in the FWHM of 1.6 eV, which is larger than the 
experimental resolution (1.1 eV). Figures 3(b) and 3(c) show 
the N Is core-level region for the fumaramide [2]rota.xane 
monolayer on Ag( Ill) and on Au( Ill), respectively. Closer 
inspection reveals an asymmetry in the N I s region associ-
ated with the amide function. Decomposition of the raw data 

Binding Energy (.V) 

FIG. 4. X-ray photoemission spectra of the 0 Is core levels for: a funsara- 
mide [21rotaxane (a) multilayer on Ag( Ill), (b) monolayer on Ag( Ill), and 
(c) monolayer on Au(lll). Raw data (•) and fit to the experimental data 

suggests that the N Is signal of the monolayer films could be 
fitted by two peaks occurring at 400.3 and 401.4 eV (not 
shown). However, the peak at 400.3 eV obtained in this way 
is very broad (-1.4-1.3 eV). Thus, we tried to fit the N Is 
with three components, as shown in the figure, with maxima 
at 400.2, 400.6, and 401.4 eV. The area ratio of the three 
components in both monolayers is 3:2:1. This is in agree-
ment with the three-dimensional molecular configuration that 
arises from the simulations of fumaramide [2]rotaxane ad-
sorbed on the substrate (see discussion below) and allows us 
to assign the three components with confidence. The peak at 
400.2 eV has almost the same binding energy found for the 
multilayer film and corresponds to unperturbed amide func-
tions. Indeed, fumaraniide [2]rotaxane presents three amide 
groups located far from the substrate, two from the macro-
cycle and one from the thread. The other two N I s compo-
nents correspond to amide groups in close proximity with the 
substrate, and their difference in chemical shift originates 
from hydrogen bonds that produce shifts to higher binding 
energies: 28 

the spectral feature at 400.6 eV can be attributed 
to amide groups close to the substrate, one from the macro-
cycle and one from the thread, which are not involved in 
hydrogen bonds, and the component at higher binding energy 
(401.4 eV) corresponds to an amide group from the macro-
cycle which does form a hydrogen bond. 

The 0 Is core-level spectra of monolayer and muitilayer 
fumaramide [2]rotaxane coverages on Au( 111) and Ag( 111) 
are presented in Fig. 4. The multilayer spectrum [Fig. 4(a)] 
presents a maximum at 532.0 eV, and its FWHM of 1.6 eV, 
larger than the experimental resolution, reflects the presence 
of oxygen atoms in different chemical environments. The 
symmetrical shape of the peak does not allow the decompo-
sition of the 0 Is line shape with confidence. The results for 
a monolayer on Ag [Fig. 4(a)] and on Au [Fig. 4(b)] are very 
similar: both monolayer spectra are centered at 531.9 eV and 
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their FWHM are about 10% larger than that for the 
multilayer spectrum collected with the same experimental 
resolution. The latter indicates greater differences in chemi-
cal environment for oxygen in the monolayer than in the 
multilayer. However. from XPS analysis and in contrast with 
HREELS data discussed below, there is no clear evidence for 
oxygen interaction with the substrate. Since the entire amide 
group would feel the loss of charge, it is not possible to 
discriminate between the situation where only the carbonNI  
group is bound to Ag or Au and the situation where both 
oxygen and nitrogen interact with the substrate via their lone 
pairs. 13  In fact, in the first case the bonding involves prob-
ably the lone pairs of the oxygen and the empty orbital of the 
metallic surface as seen for the adsorption of acetone on 
Pt(l 11).29 

B. Molecular-dynamics simulations 

The static picture given by the geometry optimization is 

modified when the effect of temperature is included. Indeed, 
even short-time molecular-dynamics (MD) simulations 
(5 ps) for fumaramide [2]rotaxane on both Au(l11) and 
Ag(ll 1) show that the largest changes on partial charges of 
atoms occur on carbonyl oxygens, on the first-layer metal 
atoms directly below them and on the hydrogen atoms con-
tributing to the intramolecular hydrogen bonds. On both sur-
faces, the carbonyl oxygens gain electron density from the 
surface and become more negative, whereas the closest metal 
atoms show a loss of electrons. In all cases. the average 
charge changes on the atoms of the rotaxane are less than 
0.1e. including the hydrogens involved in hydrogen bonds 
between the thread and the macrocycle. The metal charge 
changes seem to be of equal magnitude on both surfaces, 
ranging from —0.06e to 0.1 l5e and showing only negligible 
differences between Ag and Au. The "footprint" of the rotax-
ane, i.e., how the charge is distributed among the surface 
atoms, however, is different. On Ag(1 II), most of the first-
layer surface atoms are positively charged, whereas on 
Au(l11) negatively charged metal atoms are also observed. 
This leads to a smaller electric field on Au(lll) than on 
Ag( Ill), which was recently found to be in good accordance 
with surface-enhanced second-harmonic generation (SHG) 
measurements. The details of this experiment can be found in 
the work of Arfaoui et a]. 30 In this method the system is 
bombarded with a Nd:YAG (yttrium aluminum garnet) laser, 
and frequencies twice the original radiation can be observed 
due to a lack of symmetry on the surface. Electrical proper-
ties such as the field strength and the 2 (-2w;w,to) suscep-
tibility close to the surface can be calculated. The charges of 
the molecular model system, obtained with the method de-
scribed in Sec. H, were used to calculate the electric field 
with the Poisson-Boltzmann algorithms in the DELPHI4 
program. 31,32 This approach yielded an electric field of 
—15 MV/cm for silver and —7 MV/cm for gold. For silver, 
this leads to a .t'121(-2w;w,u) susceptibility of 23.4 pm/V 
and is in good agreement with the experimental value of 
24.2 pm/V. The resulting field is inhomogeneous, reflecting 
the charge distribution on the surface atoms. The field is 
strongest on top of the metal atoms that are directly below 

FIG. 5. The average structure ot tuiriaraniide [2]rotaxarie nn tat AgL Ill) and 

(b) Au( Ill). The structures were obtained by averaging atom locations of a 
5 pa molecular-dynamics run at 298 K. The average structure from the MD 
runs resembles a collapsed letter X. Color code: carbon=greenIblack, 

niirogen=blue, oxygen=red. and hydrogen=gray. 

the carbonyl groups of the rotaxane, and it is unlikely that 
this feature is strongly dependent on adsorption coverage 
since it would require a close proximity of carbonyl groups 
of two adjacent fumaramide [2]rotaxane molecules on the 
surface. This is hardly the case due to lateral repulsion be-
tween the molecules. According to the model, the binding 
energy of fumaramide [2]rotaxane on Ag( 111) is roughly 
59 kcal mot - ' compared with 86 kcal mot - ' on Au( Ill). The 
shortest surface normal to the closest nitrogen atom on the 
fumaramide [21rotaxane is 2.89 A, and the benzene rings are 

2.7-2.8 A above the Ag(lll) surface. The corresponding 
distances on Au(l11) are 2.76 and 2.8 A. The fumaramide 
[2]rotaxane orients itself in such a way that there are two or 
three benzene rings parallel to the surface. The comparison 
between the optimized structure and the MD simulations re-
veal that on Ag(1 II), one of the benzene rings of the macro-
cycle and one on the thread are parallel to the surface, as 
shown in Fig. 5(a).This can also be observed on Au(Ill) 
where, in addition to the aromatic ring on the thread, there 
are two benzene rings on the macrocycle that are almost 
parallel to the surface [Fig. 5(b)]. The macrocycle prefers to 
lie close to the surface, collapsing the X-like orientation of 
the molecule that is observed during the geometry optimiza-
tion. The orientation of the rings is in accordance with the 
HREELS measurements (discussed below), suggesting that 
some of the rings are parallel to the surface. These figures 
also show that there are three amide groups close to the 
(11 1) surface, but the charge changes on nitrogen atoms are 
negligible (zqI <0.Ole). A metal surface reconstruction at 
298 K was not observed when averaging the movement of 
atoms undergoing thermal motion. 
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FIG. 6. HREELS spectra collected in specular scattering geometry (0, =to, 
=45) at a primary beam energy of 6.0 eV from fumaramide [21rotaxane 
monolayer (a) and multilayer (b) adsorbed on Au(Ill) at 300 K. FWHI%1 
= 13 meV. Inset solid-state infrared spectrum of fumaramide [2}mtaxane. 

C. High-resolution electron-energy-loss spectroscopy 

Since the results obtained by XPS and molecular-

mechanics simulations are very similar for both systems, fu 

maramide [2]rotaxane deposited on Au(l11) and on Ag(Il I), 

we have chosen to study only one of them by HREELS. 

Figure 6 shows the 1-IREELS data from monolayer (a) and 

multilayer (b) fumaramide [2]rotaxane films adsorbed on 

Au( Ill). The solid-state infrared data is presented as an inset 

for comparison. Previous 1-IREELS studies of benzylic amide 
macrocycle 33  and benzylic amide [2]catenane adsorbed on 
Au(l11) and infrared reflection absorption spectroscopy 
data for benzylic amide [2]catenane adsorbed on Au( 11)35  
are also taken into account for the assignment of the energy 
losses. 

The expected main vibrational bands can be recognized 

in the monolayer spectrum. Bands at 730 and 3050 cm 

signal the presence of aliphatic and aromatic groups. The 

first band is unambiguously assigned to out-of-plane C—H 

deformations (y) of the phenyl rings, while the second one 

corresponds to C—H in-plane stretching (H). Additionally, 
there is a complex group of unresolved low-intensity bands 

extending from 800 to 1600 cm' that originate from C—H 

in-plane bending, ring breathing, and stretching vibrations. 

01 particular interest in the assignment of adsorbate-

substrate bonding is the clearly resolved peak superimposed 

on the tailing elastic peak at 480 cm'. This band is attrib-

uted to a Au—O stretching mode (VA) and can be only 
explained by the chemisorption of the rotaxane on the Au 

surface via amide functions, as already inferred from X.PS 

results. A frustrated z transition, i.e., vibration of the entire 

molecule against the surface, would also appear in this re-

gion. However, such an energy loss is usually observed with 

low intensity, and hence the band at 480 cm is assigned 

predominantly to Au—O stretching, in agreement with previ-
ous studies. 36.37 

 The relative intensities of the YCH  and &'A UØ 

bands (compared with the VCH band) decrease at higher cov-
erage, consistent with the increased disorder and the absence 

of Au-0 bonding in the multilayer film. The N—H stretch-
ing mode (-3330 cm_ 1 )3839  is not detected in monolayer 

and multilayer spectra. The absence of this band is expected, 

given that its predicted intensity is very low and occurs close 
to the PCH  region. 35.40,41 

Information concerning the molecular orientation of the 
rotaxane with respect to the substrate surface can be 

achieved by applying the metal surface selection rule 

(MSSR) in specular scattering geometry. This selection rule 
specifies that only those vibrations with a component of the 

dipole moment change normal to the surface may be 
detected .42  In a detailed 1-IREELS study of fumaramide 

[2]rotaxane adsorption on Au(l 11) from submonolayer to 
multilayer coverages that will be reported in detail 
elsewhere,43  we could identify the y, v, and vAuo bands 
as having strong normal dipole components, evidenced by a 

significant decrease in intensity in measuring in off-specular 

scattering geometry. For the monolayer coverage, of rel-
evance to this present report, the Ycu and v Auo bands disap-
pear in the off-specular measuring mode, implying a pre-

ferred molecular orientation of phenyl rings and Au-0 

bonding via the carbonyl moieties of the amide functional-
ities. The fact that the out-of-pane yCH  band, which has its 
dipole moment perpendicular to the phenyl ring and hence 

should be maximum for phenyl rings parallel to the surface, 

is observed indicates that at least some of the phenyl rings 

are oriented parallel to the Au(l 11) surface in agreement 

with the molecular-mechanics simulation results. In such an 
adsorption geometry, it is understandable that the carbonyl 

moieties can bond to the substrate, thus explaining the ob-
servation of the VAUO band in the monolayer spectrum. 

IV. CONCLUSIONS 

The present study shows that it is possible to sublime 
fumaramide [2]rotaxane without decomposition. The C Is 

photoemission line of monolayer films reveals that fumara-
mide 2Jrotaxane cheinisorbs via three amide functions on 
Ag(lll) and Au(lll). XPS results are consistent with the 

picture proposed by theoretical simulations showing that, on 
Au(1l1) and Ag(ll 1) surfaces, fumaramide [2]rotaxane pre-

fers to orient the macrocycle part of the molecule as close to 
the surface as possible, leading to a collapsed X-like" struc-

ture. According to the molecular-dynamics simulations, fu-

maramide [2]rotaxane adopts a three-dimensional conforma-

tion where two phenyl rings are parallel to the substrate and 
three amide groups are within bonding distance of it. From 

HREELS characterization of fumaramide [2]rotaxane ad-

sorption on Au(l II), monolayer chemisorption via carbonyl 

groups of the amide moieties is confirmed by the presence of 
the Au-0 stretching vibration. Furthermore, by comparison 

of specular and off-specular intensities for out-of-plane C—H 

deformations, an orientation of the rotaxane with some of the 

phenyl rings lying parallel to the substrate is revealed. 
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Abstract Nature uses molecular motors and machines in virtually every significant bi-
ological process but learning how to design and assemble simpler artificial structures 
that function through controlled molecular-level motion is a major challenge for con-
temporary physical science. In this review we discuss some of the principles behind 
synthetic molecular motors and machines and examine a class of molecular architec-
tures, benzylic amide catenanes and rotaxanes, that are proving promising in this area. 
The movement of the components in these systems can be controlled by light, elec-
trons, chemical reactions, pH, temperature and the nature of the environment leading 
to both simple switches (molecular shuttles) and more complex molecular motors. They 
operate through biasing random thermal motion and can be understood through an ap-
preciation of physical fluxional transport mechanisms. Remarkably simple examples of 
stimuli-responsive molecular shuttles can be interfaced with—and even perform physical 
tasks in—the macroscopic world. 

Keywords Catenane Molecular machine• Molecular motor • Molecular shuttle. 
Rotaxane 

Abbreviations 

a.c. 	alternating current 
lCD 	induced circular dichroism 
NMR 	nuclear magnetic resonance 
NTs 	N-tosyl 
SPT-SIR spin polarization transfer by selective inversion recovery 
VT 	variable temperature 

1 
Design Principles for Molecular-Level Motors and Machines 

The widespread use of molecular-level motion in key natural processes sug-
gests that great rewards could come from bridging the gap between the 
present generation of synthetic molecular systems—which by and large 
rely upon electronic and chemical effects to carry out their functions—
and the machines of the macroscopic world, which utilize the synchronized 
movements of smaller parts to perform particular tasks. In recent years 
it has proved relatively straightforward to design synthetic molecular sys-
tems where positional changes of submolecular components occur by moving 
energetically downhill, but what are the structural features necessary for 
molecules to use directional displacements to do work? How can we make 
a synthetic molecular machine that pumps ions against a gradient, say, or 
moves itself energetically uphill along a track? Artificial compounds that can 
do such things have yet to be realized; the field of synthetic molecular ma- 
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chines is still in its infancy and only the most basic systems—mechanical 
switches and slightly more sophisticated, but still rudimentary, molecular ro-
tary motors—have been made thus far [1-6]. Here we outline some early 
successes in taming molecular-level movement using a particular type of mo-
lecular architecture, benzylic amide catenanes and rotaxanes. 

1.1 
Molecular-Level Machines and the Language Used to Describe Them 

Language—especially scientific language—has to be suitably defined and cor-
rectly used in order to accurately convey concepts in a field. Nowhere is the 
need for accurate scientific language more apparent than in the discussion of 
the ideas and mechanisms by which nanoscale machines could—and do—
operate. Much of the terminology used to describe molecular-level machines 
comes from the systems observed by physicists and biologists, but unfortu-
nately their findings and descriptions have sometimes been misunderstood 
or unappreciated by chemists. Perhaps inevitably in a newly emerging field, 
there is not even a clear consensus as to what constitutes a molecular machine 
and what differentiates them from other molecular devices [1-6]. Initially, 
the categorization of molecules as machines by chemists was purely iconic—
the structures "looked" like pieces of machinery—or they were so-called be-
cause they carried out a function that in the macroscopic world would require 
a machine to perform it. Many of the chemical systems first likened to pistons 
and other machines were simply host-guest complexes in which the binding 
could be switched "on" or "off" by external stimuli such as light. Whilst these 
early studies were the key to popularizing the field, with hindsight a con-
sideration of the effects of scale tells us that supramolecular decomplexation 
events have little in common with the motion of a piston (the analogy is bet-
ter within a rotaxane architecture because the components are still kinetically 
associated after decomplexation but the implication of imparting momen-
tum is still unfortunate) and that a photosensitizer is not phenomenologically 
related to a "light-fueled motor". In fact, it is probably most useful to differ-
entiate "device" and "machine" on the basis that the etymology and meaning 
of machine implies mechanical movement—i.e. a net nuclear displacement in 
the molecular world—which causes something useful to happen. This leads 
to the definition that "molecular machines" are a subset of "molecular de-
vices" (functional molecular systems) in which some stimulus triggers the 
controlled, large amplitude or directional mechanical motion of one compon-
ent relative to another (or of a substrate relative to the machine) which results 
in a net task being performed. 

When developing the terminology necessary to describe molecular behav -
ior or systems scientifically, the standard dictionary definitions meant for 
everyday use are not always appropriate in regimes that the definitions were 
never intended to cover. The difference between a "molecular motor" and 
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a "molecular switch", for example, is crucial because they are different phe-
nomenological descriptors, not iconic classifications of molecular shapes: In 
physical terms a "switch" influences a system as a function of state; a "mo-
tor" influences a system as a function of its trajectory. Returning a switch to 
its original position undoes its effect on an external system, whereas when 
a motor returns to its original position through a different pathway to the 
one it left by (say, a 3600  directional rotation in the case of a rotary motor), 
it does not. This difference is profound and the terms really should not be 
used interchangeably as sometimes happens in the chemistry (but not physics 
or biology) literature. Switches cannot use chemical energy to progressively 
drive a system away from equilibrium whereas a motor can. 

The examples of amide-based catenanes and rotaxanes in this Chapter are 
chosen to help demonstrate some of the requirements for mechanical task 
performance at the molecular level. 

1.2 
The Effects of Scale 

The path towards synthetic molecular machines starts nearly two centuries 
ago with the observation of effects that pointed to the random motion in-
herently experienced by all molecular-scale structures. In 1827, the Scottish 
botanist Robert Brown noted through his microscope the incessant, haphaz-
ard motion of tiny particles within translucent pollen grains suspended in 
water. An explanation of the phenomenon—now known as Brownian mo-
tion or movement—was provided by Einstein in one of his three extraor-
dinary papers of 1905 and was proved experimentally by Perrin over the 
next decade. Ever since, scientists have been fascinated by the stochastic na-
ture of molecular-level motion and its implications. The random thermal 
fluctuations experienced by molecules dominate mechanical behavior in the 
molecular world. Even the most efficient nanoscale machines are swamped 
by its effect. A typical motor protein consumes ATP fuel at a rate of 100-
1000 molecules every second, corresponding to a maximum possible power 
output in the region 106  to 1017  W per molecule. When compared with 
the random environmental buffeting of ' 10 8  W experienced by molecules 
in solution at room temperature, it seems remarkable that any form of con-
trolled motion is possible [7]. When designing molecular machines it is 
important to remember that the presence of Brownian motion is a conse-
quence of scale, not of the nature of the surroundings. It cannot be avoided by 
putting a molecular-level structure in a near-vacuum for example. Although 
there would be few random collisions to set such a Brownian particle in mo-
tion, equally there would be little viscosity to slow it down. These effects 
always cancel each other out and as long as a temperature for an object can 
be defined, it will undergo Brownian motion appropriate to that tempera-
ture (which determines the kinetic energy of the particle). In the absence of 
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any other molecules, heat would still be transmitted from the hot wails of the 
container to the particle by electromagnetic radiation, the random emission 
and absorption of the photons producing the Brownian motion. In fact, even 
temperature is not a very effective modulator of the background Brownian 
motion since the velocity of the particles depends on the square root of the 
temperature. So to reduce Brownian motion to 10% of the amount present 
at room temperature, one would have to drop the temperature from 300 K to 
3K [7,8]. 

It seems sensible, therefore, to try to utilize Brownian motion when de-
signing molecular machines rather than make structures that have to fight 
against it. In exciting developments over the past decade, theoretical physics 
has explained how random, directionless fluctuations can cause the direc-
tional transport of particles [7,9-14] successfully accounting for the general 
principles behind biological motors [15-18]. An appreciation of the physics 
involved is crucial for the design of artificial structures which perform me-
chanical operations at the molecular level and transpose those effects to the 
macroscopic world. Nature provides examples of successful designs in the 
form of ion pumps, motor proteins, photoactive proteins, retinal, and many 
other systems [19]. Indeed, biological structures have already been incor-
porated into semi-synthetic biomaterials which can carry out "unnatural" 
mechanical tasks [20, 21]. 

The constant presence of Brownian motion is not the only distinction 
between motion at the molecular level and in the macroscopic world. The 
physics which govern mechanical dynamic processes in the two regimes are 
completely different, therefore requiring fundamentally different mechan-
isms for controlled transport or propulsion. In the macroscopic world, the 
equations of motion are governed by inertial terms (dependent on mass). 
Viscous forces (dependent on surface areas) dampen motion by converting 
kinetic energy into heat, and objects do not move until provided with spe-
cific energy to do so. In a macroscopic machine this is often provided through 
a directional force when work is done to move mechanical components in 
a particular way. As objects become less massive and smaller in dimension, 
inertial terms decrease in importance and viscosity begins to dominate. A pa-
rameter which quantifies this effect is Reynolds number (R)—essentially the 
ratio of inertial to viscous forces—given by Eq. 1 for a particle of length 
dimension a, moving at velocity v, in a medium with viscosity rl and dens-
ity p  [22]. 

avp 
R=— 	 (1) 

Size affects modes of motion long before we reach the nanoscale. Even at 
the mesoscopic level of bacteria (length dimensions -'-' 10 m), viscous forces 
dominate. At the molecular level, Reynolds number is extremely low (except 
at low pressures in the gas phase) and the result is that molecules, or their 
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components, cannot be given a one-off "push" in the macroscopic sense—
momentum is irrelevant. The motion of a molecular-level object is deter-
mined entirely by the forces acting on it at that particular instant—whether 
they be externally applied forces, viscosity, or random thermal perturbations 
and Brownian motion. In more general terms, this analysis leads to a cen-
tral tenet: while the macroscopic machines we encounter in everyday life 
may provide the inspiration for what we might like molecular machines to 
achieve, drawing too close an analogy for their modes of operation is a poor 
design strategy. The "rules of the game" at different length scales are sim-
ply too different. Two basic principles must be followed for any molecular 
device to be able to carry out a mechanical function: First, the movement 
of the kinetically-associated molecules or their components must be con-
trolled by employing interactions which restrict the natural tendency for 
three-dimensional random motion and somehow bias, rectify or direct the 
motion along the required vectors. Secondly, the Second Law of Thermody-
namics tells us that no machine can continually operate solely using energy 
drawn from the thermal bath, so an external input of energy is required to 
perform a mechanical task with any synthetic molecular machine. 

1.3 
Lessons to Learn from Biological Motors and Machines 

That the miniaturization of mechanical motors and machines to the mo-
lecular level is feasible is demonstrated by the fact that they are already all 
around us. Nature has developed an exquisite molecular nanotechnology that 
it employs to astonishing effect in virtually every significant biological pro-
cess. Appreciating how Nature has overcome the issues of scale, environment, 
Brownian motion, and viscosity is extremely useful for learning how to de-
sign synthetic molecular systems that have to do the same. 

There are many important differences between biological molecular ma-
chines and the man-made machines of the macroscopic world: Biological 
machines are soft, not rigid; they work at ambient temperatures (heat is dis-
sipated almost instantaneously at small length scales so one cannot exploit 
temperature gradients); biological motors utilize chemical energy, often in 
the form of ATP hydrolysis or chemical gradients; they work in solution or 
at surfaces and operate under conditions of intrinsically high viscosity; they 
rely on and utilize—rather than oppose—Brownian motion; biomolecular 
machines need not use chemical energy to initiate movement—their compo-
nents are constantly in motion—rather, they must control the directionality 
of that movement; the molecular machine and the substrate(s) it is acting 
upon are kinetically associated during the operation of the machine; biolog-
ical machines are made by a combination of multiple parallel synthesis and 
self-assembly; their operation is governed by non-covalent interactions; and, 
finally, they utilize architectures (e.g. tracks) which restrict most of the de- 



Hydrogen Bond-Assembled Synthetic Molecular Motors and Machines 	 139 

grees of freedom of the machine components and/or the substrate(s) it is 
acting upon. It is these last points, in particular, that have encouraged the 
study of catenanes and rotaxanes as potential structures for synthetic mo-
lecular motors and machines. 

2 
Mechanically Interlocked Molecular Architectures 

2.1 
Basic Features of Catenanes and Rotaxanes 

Catenanes are chemical structures in which two or more macrocycles are in-
terlocked, while in rotaxanes, one or more macrocycles are mechanically pre-
vented from de-threading from linear chains by bulky "stoppers" (Fig. 1) [23-

28]. Even though the components are not covalently connected, catenanes and 
rotaxanes are molecules—not supramolecular complexes—as covalent bonds 
must be broken in order to separate the constituent parts. In these kineti-
cally associated species [291,  the mechanical bond imparts a restriction in 
the degrees of freedom for relative movement of the components while of-

ten permitting extraordinarily large amplitude motion in the allowed vectors. 
This is in many ways analogous to the restriction of movement imposed on 
biological motors by a structural track [30-32]. 

Large-amplitude submolecular motions in catenanes and rotaxanes can 
be divided into two classes (Fig. 1): pirouetting of the macrocycle around 
the thread (rotaxanes) or another ring (catenanes); and translation of the 
macrocycle along the thread (rotaxanes) or around another ring (catenanes). 
By analogy to conformational changes within classical molecules, the rela-
tive movements between interlocked species are termed "co-conformational" 
changes [33]. Motions in these systems are most easily described by taking 
one component as a frame of reference, around or along which the other parts 

Fig. 1 Schematic representation of a a [2]catenane and b a [2]rotaxane. Arrows show 
possible large amplitude modes of movement of one component relative to another 
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move. Often the choice of this frame of reference is based on the relative 
size or complexity of the components, although this distinction can become 
blurred. 

For a long time synthetic approaches to such structures relied on sta-
tistical or relatively inefficient covalently-directed approaches [34-37]. The 
development of supramolecular chemistry, however, allowed chemists to ap-
ply their increasing appreciation of non-covalent interactions to synthesis, 
resulting in numerous, often extremely elegant, template methods to cate-
nanes and rotaxanes 138-511. In such syntheses, non-covalent binding inter-
actions between the components often "live-on" in the interlocked products. 
These interactions restrict the relative motions of components further to that 
defined by their architecture and can ultimately be manipulated to effect 
positional displacements. Much attention has been given to both intrinsic 
submolecular motions within these structures and the control of the relative 
positioning of the interlocked components through manipulation of recogni-
tion events. 

2.2 
Amide-Based Catenanes and Rotaxanes 

Amide-based catenanes, in which hydrogen bonds template interlocking of the 
two rings, were first reported in 1992 by Hunter (1, Fig. 2) [52]. The steric bulk 
of the cyclohexyl groups prevents circumrotation of the macrocycic rings in 1, 
a feature which allowed Hunter to suggest the mechanically interlocked archi- 
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Fig. 2 Hydrogen bond-assembled [2]catenanes 1 and 2 reported by Hunter and Vogtle re-
spectively, showing the limited component rotation possible in 1 but not in 2, which is 
essentially completely locked in conformational terms 
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Scheme 1 The original hydrogen bond-assembled benzylic amide [2]catenane 3, made in 
one step (20% yield) from isophthaloyl dichloride and p-xylylene diamine 

tecture through a quite brilliant analysis of the complex 1 D and 2D 'H NMR 
data. Hunter's discovery prompted the publication of similar compounds by 
Vogtle (2) [53].  In the Hunter catenane (1), a 900  rotational motion which ex-
changes the non-equivalent isophthaloyl rings (labeled "1" and "2" in Fig. 2) is 
possible, but even this is blocked on substitution at the 5-position of the isoph-
thaloyl ring (e.g. in 2). Despite the accumulation of a large body of work over 
the subsequent decade, the fundamental problem that these systems exist in 
a rigidly locked co-conformation has never been overcome. 

Fortunately, the benzylic amide catenane 3 (Scheme 1) discovered by 
chance in 1995 exhibits far more versatile dynamics than the Hunter-Vogtle 
system [54]. Catenane 3 has the simplest possible 'H NMR spectrum, with 
only the six different constitutional types of protons apparent in [D 6 ]DMSO, 
the same number seen for the parent macrocycle [55]. Despite the smaller 
macrocycle cavity size of 3 compared to 1 and 2, both the isophthaloyl and 
p-xylylene components are able to rotate through the cavity of the other 
macrocycle and the circumvolution process is fast on the NMR timescale in 
polar solvents at room temperature. The catenane formation process tolerates 
a number of aromatic 1,3-dicarbonyl and benzylic amide precursors so that 
a diverse range of analogues could be prepared (e.g. 4, Fig. 3) and the effect 
of structure on the dynamic processes determined [561. 

The hydrogen bonding patterns in the X-ray crystal structures of the benzylic 
amide catenanes suggested that modification of the synthetic procedure might 
allow rotaxanes to be synthesized. Sure enough, if the catenane-forming reac-
tion was carried out in the presence of a suitable stoppered benzylic 1 ,3-diamide 
thread (e.g. 5) rotaxanes such as 6 were also formed (Scheme 2) [55]. 

The rotaxane architecture brings about significant changes in the chem-
ical and physical properties of the components; for example, the rotaxane 
6 is 105 times more soluble in non-polar organic solvents than the parent 
macrocycle [55]. 

The wealth of structural data obtained on the benzylic amide catenane 
and rotaxane system showed that the mechanism for the formation of the 
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interlocked products was primarily the templated assembly of the macro-
cycle around two amide bonds [571. Divergent hydrogen bonding sites in 
a similar spatial arrangement occur in adjacent amino acid residues in pep-
tide chains and, indeed, it was found that simple peptides are also able to 
template the cyclization of benzylic amide macrocycles to give peptide ro-
taxanes [58, 59]. However, the inherent flexibility of the peptide backbone is 
not optimal for rotaxane formation. Replacing the peptide motif with a fu-
maramide unit maintains the required hydrogen bonding groups but with 
a rigidified backbone. This results in a remarkable 97% yield for a rotaxane, 
from a five component assembly process in just two steps from commercial 
starting materials (Scheme 3) [601. 

3 
Controlling Motion in Amide-Based Catenanes and Rotaxanes 

3.1 
Inherent Dynamics: Pirouetting in Benzylic Amide Catenanes 

Any alkyl substitution on the isophthaloyl ring (at either the 5- or 4-positions) 
prevents complete circumvolution of the macrocycles in benzylic amide cate-
nanes, thereby destroying the plane of symmetry bisecting the isophthaloyl 
units in each ring. A series of coalescence temperature measurements and 
spin polarization transfer by selective inversion recovery (SPT-SIR) NMR ex-
periments [56,61], revealed that the pyridine-2,6-dicarbonyl derivative (4) 
exhibits slow circumvolution on the NMR timescale. The thiophene derivative 
(8) was shown to rotate the fastest—in fact 3.2 million times faster than 4 in 
C213204 at room temperature. 

This remarkable variation in dynamic behavior resulting from relatively 
simple structural changes can be allied to more subtle effects on rate using 
the solvent composition. Hydrogen bond-disrupting solvents such as CD30D 
and, to an even greater degree, [D6]DMSO increase the rate of circumvolution 
by competing for the hydrogen bonding groups in the macrocycle. This has 
the effect of weakening the ground-state interactions and stabilizing the in-
termediate co-conformations during circumvolution, therefore lowering the 
energy barriers for the process. Variation of solvent composition allows fine-
tuning of the circumvolution rate following selection of the gross "ball-park" 
value through structure choice [56,61]. 

Both these solvent and structural effects on rate suggest that a key process 
in the circumvolution mechanism is rupture and formation of intercompo-
nent hydrogen bonds. An isolated molecule molecular mechanics approach 
has been used to simulate the dynamics in these catenane systems, allowing 
simulation of the molecular shape at the transition states [61,62]. Together 
with a full low-dimensional quantum-mechanical description of circumvolu- 
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tion [63],  these studies provide the necessary theoretical and practical un-
derstanding of the intrinsic motions in a catenane system important for the 
development of molecular devices in which the frequency of motions may be 
a key characteristic. 

3.2 
Inherent Dynamics: Ring Pirouetting in Benzylic Amide Rotaxanes 

Pirouetting is the random Brownian rotation of the macrocycle about the 
axis defined by the thread in a rotaxane. While this motion is often clearly 
occurring, it can be difficult to study in detail because of the symmetry of 
the components. Benzylic amide macrocycle-based rotaxanes possess a useful 
characteristic in this respect. In many examples, the benzylic amide macro-
cycle adopts a chair-like conformation meaning that for each pair of benzylic 
protons (HE, Fig. 4), one is in an equatorial environment, while the other is 
axial [58].  For a macrocycle on a symmetric thread, two 'H NMR signals 
would therefore be expected for the 8 benzylic protons in the molecule. Ro-
tation of the macrocycle around the axis shown by 1800  must, however, result 
in a chair-chair flip so as to maintain the hydrogen bonding network between 
the macrocyclic amide protons and carbonyl oxygens on the thread. This co-
conformational change therefore interconverts the axial and equatorial sets of 
protons twice during a full 3600  revolution. It is possible to study chemical ex-
change processes such as this by variable temperature (VT) NMR techniques, 
including the coalescence method [64], or spin polarization transfer by selec-
tive inversion recovery (SPT-SIR) [65]. 

For example, the room temperature 'H NMR spectrum in CDC13 of the 
glycylglycine-based [2]rotaxane 9 displays the fewest possible signals for the 
macrocycle protons, indicating rapid pirouetting (820 s_I)  of the ring at am-
bient temperature [58].  The pyridyl-2,6-dicarbonyl-based macrocycle in 10 
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Fig. 4 Peptidorotaxanes 9 and 10. The arrow on 9 indicates the axis about which macro-
cycle pirouetting occurs 
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Fig. 5 Variation of yield in the rotaxane forming reactions for a series of simple fumaric 
acid based templates is correlated with the strength of intercomponent interactions in the 
products, as evidenced by zG 98 , the energy barrier to pirouetting in CD 202  

possesses a different, overall slightly stronger, hydrogen bonding network be-
tween the components, producing a concomitant reduction in pirouetting 
rate to 100 s_ I  in CDC13 at rt. 

As the rate of pirouetting is directly related to the strength with which the 
macrocycle is held to the thread, this motion can be a useful probe to evaluate 
the effect of structural changes on the strength of intercomponent interac-
tions in rotaxanes. For the series of fumaric acid based [2]rotaxanes shown 
in Fig. 5, yields of the rotaxane forming process (a five-component clipping 
reaction in which formation of the benzylic amide macrocycle is templated 
by the fumaric acid residue) increase in the order 13 < 12 < 11 [60]. As ex-
pected, the rates of macrocycle pirouetting in the products were shown to 
follow exactly the opposite trend (Fig. 5), confirming that the efficiency of the 
templated synthesis is directly related to the hydrogen bonding ability of the 
thread templates. 

3.3 
Inherent Dynamics: Shuttling in Benzylic Amide Rotaxanes 

Shuttling is the movement of a macrocycle back and forth along the thread 
component of a rotaxane. This motion takes the form of a Brownian motion-
powered random walk, constrained to one dimension by the thread and to 
translational displacement boundaries by the bulky stoppers. By virtue of the 
template methods employed in their synthesis, the threads of amide-based 
rotaxanes consist of one or more recognition elements, or "stations" for the 
macrocycle(s); shuttling therefore becomes the movement on, off, or between 
such stations and just as for pirouetting motions, the dynamics depend on the 
strength of the intercomponent interactions. 
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3.3.1 
Shuttling in Degenerate, Two Binding Site, Peptide-Based Molecular Shuttles 

Following the observation that hydrogen bond-disrupting solvents such as 
[D6]DMSO destroy the interactions between the benzylic amide macrocycle 
and a glycyiglycine thread in [2]rotaxane 9 (Fig. 4) [58], a series of peptide-
based molecular shuttles were reported in which two glycyiglycine stations 
for the benzylic amide macrocycle are separated by aliphatic linkers [59].  In 
14-16 (Fig. 6), in CDC13, the macrocycle shuttles between the two degener-
ate peptide stations rapidly at room temperature, evidenced by the single set 
of signals for the two peptide stations in the 'H NMR spectrum which is re-
solved into two sets (for the occupied and unoccupied stations) on cooling the 
sample and freezing out the motion on the NMR timescale. 

Just as for the pirouetting motions, the shuttling mechanism requires at 
least partial rupture of the intercomponent interactions at one station, be-
fore formation of new interactions at the new station. The thermodynamics 
of the degenerate process in each of 14-16 therefore involves passage over 
some activation barrier from one energy well to another identical minimum 
(Fig. 7). Of course, if the kinetic barrier is significantly larger than the thermal 
energy, shuttling ceases to occur. This can be achieved in 17 by introduc-
tion of a bulky N-tosyl (NTs) moiety (Fig. 6). Shuttling is restored on removal 
of this bulky barrier. Just as for the analogous benzylic amide catenanes, 
solvent composition has a profound effect on the shuttling rate in 14-16—

as little as 5% CD30D in halogenated solutions of peptide-based rotaxanes 
provides rate increases in excess of two orders of magnitude. The hydrogen 
bond-disrupting methanol weakens the intercomponent interactions, effec-
tively loosening the macrocycle from its station (i.e. reducing AG) with 
a concomitant increase in the shuttling rate [59]. 

This increase in rate does not, however, continue indefinitely with increas-
ing solvent hydrogen bond basicity. An additional feature of these rotaxanes is 
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Fig. 6 Shuttling in peptide-based degenerate station molecular shuttles 14-17 
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1+ 
Fig. 7 Idealized free energy profile for movement between two identical stations in a de-

generate molecular shuttle. The height of the barrier ISG contains two components: the 

energy required to break the non-covalent interactions holding it to the station; and 

a distance-dependent diffusional component 

that a major change in solvent polarity (changing from halogenated solvents 
to [D6]DMSO)  stops the macrocycle shuttling between the peptide stations 
and causes it to preferentially reside over the hydrophobic thread instead, 
hiding the thread from the unfavorably polar environment and allowing max-
imum hydrogen bonding between the peptide stations and solvent [591. 

3.3.2 
A Physical Model of Degenerate, Two Binding Site, Molecular Shuttles 

An interesting structural effect is observed on increasing the length of the 
spacer in degenerate shuttles. The rate of shuttling in [2]rotaxane 14 was 
compared to that of 15 (Fig. 6). Although ostensibly not involved in any 
interactions with the macrocycle, extension of the alkyl chain results in an ex-
perimentally measured reduction in the rate of shuttling which corresponds 
to an increase in activation energy for the process of 1.2 kcal mol' at rt—an 
effect solely of the increased distance the macrocycle must travel [59]. 

These effects are most easily understood by considering the macrocycle 
as a particle moving along a one-dimensional potential energy (rather than 
free energy) surface (Fig. 8). At any point on the potential energy surface, the 
gradient of the line gives the force exerted on the macrocycle by the thread. 
When the macrocycle is in the vicinity of a station, hydrogen bonds and/or 
other attractive non-covalent interactions exert large forces (typically varying 
as a high power of the inverse distance, r) on the macrocycle, opposing its mo- 
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Fig. 8 Idealized potential energy of the macrocycle in a two-station degenerate molecular 
shuttle. The potential energy surface shows the effect of the interaction between macrocy-
cle and thread on the energy of the rnacrocycle (ignoring any complicating factors such as 
folding). Chemical potential energies (AE's) generally follow similar trends to free energies 
(AG's, Fig. 7) but there are some important differences; for example, the activation free en-
ergy of shuttling, AG 5 , corresponds to the energy required for the macrocycle to move all 
the way to the new binding site (i.e. includes a contribution for the distance the ring has to 
move along the track to reach the other station) whereas the AE, shown here, represents 
the energy required for the macrocycle to escape the forces exerted through non-covalent 
binding interactions at a station. The main plot shows the AE in terms of the position of 
the macrocycle along the vector of the thread; the minor plot shows the AE in terms of the 
position of the macrocycle orthogonal to the vector of the thread, illustrating that the thread 
genuinely behaves as a one-dimensional potential energy surface for the macrocycle 

tion. When the macrocycle is on the thread between the stations, the hydrogen 
bonds and other non-covalent binding interactions are broken and no forces are 
exerted on the macrocycle by the thread (i.e. the gradient of the line is zero). 

It is thermal energy which allows the macrocycle to escape these energy 
wells and explore the full length of the thread. For a population of shuttles 
at equilibrium, therefore, the rnacrocycles reside on the different stations and 
the thread according to a Boltzmann distribution and for a single molecule, 
these populations correspond to the amount of time the macrocycle spends 
on each site. In a degenerate shuttle, where the binding energy to each sta-
tion is the same, while no significant interaction with the thread occurs, the 
macrocycle spends a negligible amount of time on the thread and splits its 
time equally between the two stations. 

The rate at which the macrocycles escape from each station is given by 
a standard Arrhenius equation, depending on the depth of the energy well 
and the temperature. This is not the only factor involved in determining the 
rate at which macrocycles move between the two stations, however, there 
must also be some distance-dependent diffusional factor in the function de-
scribing the rate of shuttling (Fig. 8). 

This phenomenon has been studied in an attempt to link the experimen-
tally determined values of LGt  with a quantum-mechanical description of 



Hydrogen Bond-Assembled Synthetic Molecular Motors and Machines 	 149 

the shuttling mechanism [66]. Calculation of the wavefunctions for the sys-
tem shows that an increase in distance between the stations widens the free 
energy potential well (Fig. 7). As the well widens, it possesses a higher density 
of states per unit energy (just like the simple "particle in a box" model). The 
closer to one another the levels are, the more readily thermally populated they 
are or, in other words, the larger is the partition function and hence AG. 

The nature of the wavefunctions at energies close to the top of the barrier 
is intriguing, as under this energy regime the maximum probability of finding 
the macrocycle is in fact over the aliphatic spacer! The shuttling process can 
therefore be thought of in terms of a function of free energy (Fig. 7) as long as 
it is remembered that the height of the LxGt  barrier is affected by both binding 
strength and distance between the stations. The behavior of the macrocycle 
is similar to a cart moving along a roller coaster track shaped like the double 
potential in Fig. 7. At low temperatures, the cart mostly resides on the stations 
(oscillating with small amplitude in the troughs). As energy approaches the 
value of the barrier, the cart spends most of its time passing over the barrier. 
At higher energies still, the cart is most likely to be found at the extremes of 
its translational motion. 

3.4 
Translational Molecular Switches: Stimuli-Responsive Molecular Shuttles 

With increasing understanding of the nature of the inherent restriction in 
degrees of freedom in interlocked architectures, came the realization that 
control of intercomponent positioning was achievable. In shuttles such as 14-
16 there are two identical recognition sites (stations) for the macrocycle so 
that it is equally likely to reside on either—they are degenerate. As we have 
seen, the rate at which the macrocycle moves between the stations can be reg-
ulated by the temperature or, in some cases, solvent composition. A different 
kind of control, however, can be achieved in stimuli responsive shuttles in 
which the net location of the macrocycle can be varied using an applied ex-
ternal stimulus. Indeed, as early as 1991 when reporting the first degenerate 
molecular shuttle [67],  Stoddart noted that: "The opportunity now exists to 
desymmetrize the molecular shuttle by inserting nonidentical 'stations' along 
the polyet her 'thread' in such a manner that these different 'stations' can be ad-
dressed selectively by chemical, electrochemical, or photochemical means and 
so provide a mechanism to drive the 'bead' to andfro between 'stations' along 
the 'thread'." 

3.4.1 
A Physical Model of Two Binding Site, Stimuli-Responsive Molecular Shuttles 

Rotaxanes in which the macrocycle can be translocated between two or more 
well-separated stations in response to an external signal can, in principle, 
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act as molecular-level mechanical switches. As we have seen, in any rotaxane 
the macrocycle distributes itself between the available binding sites accord-
ing to the difference in the macrocycle binding energies and the temperature. 
If a suitably large difference in macrocycle affinity between two stations 
exists, the macrocycle resides overwhelmingly in one positional isomer or co-
conformation. In stimuli-responsive molecular shuttles, an external trigger is 
used to chemically modify the system and alter the non-covalent intercom-
ponent interactions such that the second macrocycle binding site becomes 
energetically more favored, causing translocation of the macrocycle along the 
thread to the second station (Fig. 9). This may be achieved by addressing ei-
ther of the stations (destabilizing the initially preferred site or increasing the 
binding affinity of the originally weaker station). The system can be returned 
to its original state by using a second chemical modification to restore the 
initial order of station binding affinities. Performed consecutively these two 
steps allow the machine to carry out a complete cycle of shuttling motion. 

The physical basis for this motion is again best understood by consideration 
of the potential energy of the macrocycle as a function of its position along the 
thread (Fig. 10). It is important to appreciate that the external stimulus does 
not induce directional motion of the macrocycle per Se, rather by increasing the 
binding strength of the less-populated station and/or destabilizing the initially 
preferred binding site, the system is put out of co-conformational equilibrium. 
Relaxation towards the new global energy minimum subsequently occurs by 
thermally activated motion of the components, a phenomenon which we rec-
ognize as biased Brownian motion. In other words, biased Brownian motion 
arises from a difference in the activation energies for movement in different 
directions, not from the difference in energy minima. This results in net di- 

(I) 
0_4__Kgreenred___4 (iv) 

(ii) 	
KgreenbIue0_4_3 (iii) 

Station binding affinity order: 	> 	> 

Fig. 9 Translational submolecular motion in a stimuli-responsive molecular shuttle: (i) the 
macrocycle initially resides on the preferred station (green); (ii) a reaction occurs (red 

blue) changing the relative binding potentials of the two stations such that, (iii), the 
macrocycle "shuttles" to the now-preferred station (blue). If the reverse reaction (blue -+ 

red) now occurs, (iv), the components return to their original positions 
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Fig. 10 Idealized potential energy of the macrocycle in a stimuli-responsive molecular 
shuttle in which one station changes (A' -±A) in response to the stimulus and compli-
cating factors such as folding are ignored. As before (Fig. 8), the potential energy surface 
shows the effect of the interaction between macrocycle and thread on the energy of the 
macrocyde. The main plot shows the EtiE in terms of the position of the macrocycle along 
the vector of the thread; the minor plot shows the 1E in terms of the position of the 
macrocycle orthogonal to the vector of the thread 

rectional transport (a directional flux) of macrocycles when these barriers are 
suddenly changed putting the system out of equilibrium. 

Given this mode of action, a key requirement is finding ways of generating 
sufficiently large, long-lived binding energy differences between pairs of posi-
tional isomers. A Boltzmann distribution at 298 K requires a txLE (or AEG) 
between translational co-conformers of --- 2 kcal mol' for 95% occupancy of 
one station. Achieving such discrimination in two states to form a positionally 
bistable shuttle (i.e. both LI\EA'.B and 1LEB_A ? 2 kcal mo!') by modifying 
only intrinsically weak, non-covalent binding modes thus presents a signifi-
cant challenge. In the next sections we outline some of the different stimuli 
that have been used to bring about a positional change in the macrocycle in 
amide-based molecular shuttles. 

3.4.2 
Adding and Removing Protons to Induce Net Positional Change 

The first pH-switched amide-based shuttle to exploit [N - H- - - anion] hy-
drogen bonding interactions was recently reported [68]. In [2]rotaxane 18-H 
(Scheme 4), formation of the benzylic amide macrocycle is templated by a suc-
cinamide station in the thread. However, the thread also contains a cinnamate 
group. In the neutral form, the cinnamate phenol is a relatively poor hydrogen 
bonding group and the macrocycle resides on the succinamide station > 95% 
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Scheme 4 pH-Switched anion shuttling in a hydrogen bonded [2]rotaxane, 18•H, in 
[D7]DMF at rt. Bases that can be used include LiOH, NaOH, KOH, CsOH, Bu4NOH, 
tBuOK, DBU, Schwesinger's phosphazine P1 base, illustrating the lack of influence on 
shuttling of the accompanying cation 

of the time inmost solvents atrt. Deprotonation to give 18 in [D 7 ]DMF results 
in the macrocycle binding to the phenolate anion. Reprotonation of the phenol 
returns the system to its original state. While a wide range of bases (with a var-
iety of counterions) proved efficacious, shuttling was found to be extremely 
solvent dependent. Hydrogen bond mediated systems usually perform best in 
"non-competing" solvents—those with low hydrogen bond basicity. Yet, when 
the deprotonation of 18.H is carried out in CDCI3 or CD2C12, a change of pos-
ition of the macrocycle does not occur. Rather, an intramolecular folding event 
occurs to allow the phenolate to hydrogen bond with the macrocycle while it re-
mains on the succinamide station. This solvent dependence presumably arises 
because the phenolate can only satisfy the hydrogen bonding requirements of 
one isophthalamide unit in the macrocycle. The presence of a hydrogen bond 
accepting solvent such as DMF can therefore compensate for this loss of stabi-
lization. The strength of binding to the anion is illustrated by the fact that the 
shuttling process continues to occur even in CD3 CN—only a moderate hydro-
gen bond acceptor and weaker than the amide groups of the thread. Shuttling 
is unaffected by the nature of the accompanying cation or the addition of up to 
10 equivalents of other anions. 

3.4.3 
Adding and Removing Electrons to Induce Net Positional Change 

[2]Rotaxane 19 contains two potential hydrogen bonding stations for the 
benzylic amide macrocycle—a succinamide (succ) station and a redox-active 
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3,6-di-tert-butyl-1,8-naphthalimide (ni) station—separated by a C12 aliphatic 
spacer (Scheme 5) [69, 70]. 

While the ability of the succ station to template formation of the macrocy-
cle is well established, the neutral naphthalimide moiety is a poor hydrogen 
bond acceptor. To minimize its free energy, the macrocycle in 19 must there-
fore sit over the succinamide station in non-hydrogen bonding solvents, so 
co-conformation succ-19 predominates (Scheme 5). In fact, the difference in 
macrocycle binding affinities is so great that succ-19 is the only translational 
isomer detectable by 'H NMR in CDC13, CD 3 CN, and I138 ITHF, while even 
in the strongly hydrogen bond-disrupting [D 6 ]DMSO, the macrocycle re-
sides over the succ station about half of the time. One-electron reduction 
of the naphthalimide to the corresponding radical anion, however, results in 
a substantial increase in electron charge density on the imide carbonyls and 
a concomitant increase in hydrogen bond accepting ability. In 19, this re-
verses the relative hydrogen bonding abilities of the two thread stations so 
that co-conformation ni-19 is preferred in the reduced state. Subsequent 

Scheme S A photochemically and electrochemically switchable, hydrogen bonded molecu-
lar shuttle 19. In the neutral state, the translational co-conformation succ-19 is predom-
inant as the ni station is a poor hydrogen bond acceptor (K,, = (1.2±1) x 10). Upon 
reduction, the equilibrium between succ-19 and ni-19 is altered (K red = (5 ± 1) X 102) 

because ni is a powerful hydrogen bond acceptor and the macrocyde changes position 
through biased Brownian motion. Upon re-oxidation, the macrocycle shuttles back to the 
succinamide station. Repeated reduction and oxidation causes the macrocycle to be dis-
placed forwards and backwards between the two stations. All the values shown refer to 
cyclic voltammetry experiments in anhydrous THF at 298 K with tetrabutylammonium 
hexafluorophosphate as the supporting electrolyte. Similar values were determined on 
photoexcitation and reduction of the ensuing triplet excited state by an external electron 
donor 
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re-oxidation to the neutral compound restores the original order of binding 
site affinities and the shuttle returns to its initial state as co-conformation 
succ-19. This process can be stimulated and observed in cyclic voltammetry 
experiments [70], or alternatively photochemistry can be employed to initiate 
(through excitation of the naphthalimide group by a nanosecond laser pulse 
at 355 nm followed by electron transfer from a regenerable external electron 
donor) and observe (using transient absorption spectroscopy) the change of 
position of the macrocycle [69]. A number of control experiments proved un-
equivocally that the dynamic process observed is reversible shuttling of the 
macrocycle between the stations rather than any other conformational or co-
conformational changes [70]. 

3.4.4 
Adding and Removing Covalent Bonds to Induce Net Positional Change 

Perhaps surprisingly, the use of covalent bond-forming reactions to bring about 
positional change in molecular shuttles has been limited to the formation (and 
breaking) of C - C bonds through Diels-Alder (DA) and retro-Diels-Alder (r -
DA) reactions of rotaxane 20 (Scheme 6) [71]. The steric bulk of the DA-adduct 
displaces the macrocycle to the succinic amide ester station in Cp-20. 

20 Ph( Q J1  

Ph 	
0 

Ph 

Ph 

Cp-20 Ph 	 NPh 

Ph 

JLNPh 

Ph 

Scheme 6 Shuttling through reversible covalent bond formation. Absolute stereochemistry 
for Cp-20 is depicted arbitrarily 
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3.4.5 
Changing Configuration to Induce Net Positional Change 

As with the control of submolecular motion in covalently bound systems, 
isomerization processes are an attractive means for controlling shuttling in 
rotaxanes. Shuttle E/Z-21 (Scheme 7) employs the interconversion between 
fumaramide (trans) and maleamide (cis) isomers of the olefinic unit [72]. 
Fumaramide moieties are excellent binding sites for benzylic amide macro-
cycles: the trans-olefin fixes the two strongly hydrogen bond accepting amide 
carbonyls in a close-to-ideal spatial arrangement for interaction with the 
amide protons from the macrocycle. Two sets of bifurcated hydrogen bonds 
between macrocycle and thread result. Although a similar hydrogen bond-
ing surface is presented to the macrocycle, binding to the succinamide sta-
tion results in both a loss in entropy (due to loss of bond rotation) and 
also one less intracomponent hydrogen bond which cannot be compensated 
for by the rigid fumaramide station. The result is that only one major po-
sitional isomer of E-21 is observed at room temperature. Photoisomeriza-
tion of the fumaramide station by irradiation at 254 nm reduces the num-
ber of possible intercomponent hydrogen bonds at this station from four 
to two so that a new co-conformational energy minimum now exists: the 
macrocycle now sits overwhelmingly on the succinamide station. Unlike the 
succinamide/naphthalimide system (Scheme 5), this new state is indefinitely 
stable until a further stimulus is applied—namely thermal or chemical re-
isomerization of the maleamide unit back to fumaramide, thus restoring the 
shuttle to its initial state. 

254 nm 
-a 

A 

Ph 
Phl 

— 

9 H 

Z-21 

Scheme 7 Bistable molecular shuttle E/Z-21 in which self-binding of the "low affinity" 
station in each state is a major factor in producing excellent positional discrimination 

3.4.6 
Entropy-Driven Net Positional Change 

Most of the shuttles which exhibit excellent positional discrimination are 
switched using stimuli such as pH, light, polarity of the environment, or elec- 
trochemistry to modify the enthalpy of macrocycle binding to one or both 
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stations. Generally, the effect of temperature is simply to alter the degree of 
discrimination the macrocycle expresses for the various stations, not to alter 
the station preference. In [2]rotaxane 22, however, the macrocycle is actu-
ally switched between stations by changing the temperature [73].  In fact, 22 
is a tristable molecular shuttle: a rotaxane in which the ring can be switched 
between three different positions on the thread (Scheme 8). 

Structurally, 22 is closely related to 21, the key difference being substitu-
tion of the isophthaloyl unit in the macrocycle for a pyridine-2,6-dicarbonyl 
moiety. In the E-22 form, the macrocycle resides over the strong fumaramide 
station at all temperatures investigated, as expected. Photoisomerization of 
E-22 gave the maleamide Z-22 isomer. The 1 H NMR spectra of this prod-
uct showed clearly that shuttling away from the maleamide station had oc-
curred, but the nature of the product was highly temperature dependent. At 
elevated temperatures (308 K) the expected succ-Z-22 co-conformation was 
observed; the macrocycle spends nearly all its time over the succinamide sta-
tion. At lower temperatures, however, the macrocycle occupies neither the 
succinamide nor the maleamide units, but it is the alkyl chain which exhibits 
the spectroscopic shifts indicative of encapsulation by the ring. This suggests 
that the thread adopts an S-shaped conformation with the macrocycle bind-
ing to one amide of each station (dodec-Z-22, Scheme 8). Unlike [2]rotaxane 
21, photochemical cis—+ trans isomerization was effective (irradiation of Z-22 
at 312 nm gave a photostationary state of> 95 : 5 E: Z compared to -- 45 : 55 

Ph 

2Mnrn, 

312 nm. 
high T 	Ph 	 9 

- 	
succ.Z-22 

C' 0  
254 
low T 	 IOW 

312 nm, 	 highT 

low  

Ph 

dec-Z-22 

Scheme 8 A tnstable molecular shuttle 22 
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under the same conditions for 21) so that no heating is necessary for this step 
and all the interconversions shown in Scheme 8 are possible. 

The origin of this temperature-switchable effect is presumably the large 
difference in entropy of binding (LSbinding ) to the succinamide and alkyl 
chain stations which allows the TiSbindmg  term to have a significant 
overall impact on AGbjnding  as temperature is varied. In the succ-Z-22 
co-conformation, the macrocycle forms two strong hydrogen bonds with 
an amide carbonyl and two, significantly weaker, bonds to the ester car-
bony!. The dodec-Z-22 co-conformation, however, allows formation of four 
strong hydrogen bonds to amide carbonyls making it enthalpically favored 
by - 2 kcal mol'. At low temperatures, where the effects of the entropy 
term are less significant, the molecule therefore adopts the dodec-Z-22 co-
conformation. At higher temperatures, the increased contribution from the 
TLSbinding  term requires that the molecule adopt the more entropically favor-
able succ-Z-22 co-conformation in order to minimize its energy. 

This effect seems to be quite structure specific—no other shuttles in this 
series have shown temperature dependent co-conformational preference. If 
suitable systems can be successfully designed however, entropy-driven tem-
perature control of positional isomerism could prove a useful addition to the 
expanding strategies for controlling submolecular motions [74]. 

Many of the shuttling examples described show remarkable degrees of 
control over submolecular fragment positioning and dynamics. They utilize 
a number of different stimuli-induced processes to effect macrocycle shut-
tling over large amplitudes (up to -- 15 A in the case of 14-16 and 18-22) and 
operate over a range of timescales (a complete shuttling cycle in 19 is over in 

100 jis while, in 21, both states are indefinitely stable and the time for a full 
cycle is infinitely variable). Yet it must be remembered that all such shuttles 
exist as an equilibrium of co-conformations and it is simply the position of 
the equilibrium that is varied. 

3.5 
Controlling Rotational Motion: Ring Pirouetting in Rotaxanes 

Control of macrocycle pirouetting in rotaxanes presents two challenges—
frequency of random pirouetting and directionality. The former has been 
achieved through temperature, structure, electric fields, light, and solvent ef-
fects; the latter has yet to be demonstrated. 

Alternating current (a.c.) electric fields are an ideal stimulus with which to 
control submolecular dynamics for many applications. For two benzylic amide-
based hydrogen bonded [2]rotaxanes  (23 and 24, Fig. 11) it was observed that 
application of a.c. fields of around 50 Hz resulted in unusual Kerr effect re-
sponses which are unique to the interlocked architecture (i.e. are not observed 
for either of the components alone) [75]. Decreasing the field strength had the 
same effect as increasing temperature: enhancement of the response; indicating 
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Fig. 11 [2] Rotaxanes 23 and 24 in which the rate of pirouetting is controlled by an alter -
nating current electric field 

that the underlying phenomenon is addressable by these two stimuli. Both VT 
NMR experiments and molecular modeling suggested that macrocycle pirouet-
ting is the only possible dynamic process on this timescale for these structures. 
The experimental and theoretical studies also predict the slightly more com-
plex Kerr effect response observed experimentally for 23 compared to 24. It is 
believed that application of an a.c. electric field therefore attenuates macrocy-
cle pirouetting in 18 and 19—the extent of the dampening can be varied with 
the strength of the applied field; even modest fields of— I V cm -1 produce rate 
reductions of 2-3 orders of magnitude. 

An alternative strategy for affecting pirouetting rates would be to apply 
some stimulus which directly alters the structure or electronics of the thread or 
macrocycle so as to adjust the strength of intercomponent interactions. This has 
been achieved for the fumaramide-based [2]rotaxanes E/Z -25-27 (Scheme 9), 
which are closely related to 23 [76]. The decrease in intercomponent binding 
affinity on photoisomerization of the fumaramide units in E-25-27 to the cis-
maleamide isomers gives a huge increase in the rate of pirouetting of more 
than 6 orders of magnitude. The switching process is also reversible; sub-
jecting the maleamide rotaxanes to heat or various chemical stimuli results 
in re-isomerization to the more thermally stable trans-olefin isomers, with 
accompanying reinstatement of the strong hydrogen bonding network. 

In all of the above systems, the rate of Brownian pirouetting is influenced 
by applying external stimuli, the direction of these random motions are not 
affected. It has incorrectly been suggested [77] that unidirectional pirouet-
ting could result from simply derivatizing rotaxanes with chiral or knotted 
stoppers. Directional rotation can only result from an external energy source 
being used (more than once in order to achieve circumrotation) to drive a sys-
tem temporarily away from equilibrium. Under those circumstances, simple 
2D asymmetry would be sufficient to induce directional motion. 
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Scheme 9 Photoisomerization of [2]rotaxanes E-25-27 which results in pirouetting rate en-
hancements of up to 6 orders of magnitude. The reverse process Z -+ E isomerization can 
be effected by heating a 0.02 M solution of the Z-rotaxanes at 400 K or generating bromine 
radicals (cat. Br2, hv 400 rim) or via reversible Michael addition of piperidine (rt, I h) 

3.6 
Controlling Rotational Motion in Catenanes 

3.6.1 
Two-Way and Three-Way Catenane Positional Switches 

The fundamental principles of controlling shuttling in rotaxanes and rota-
tion in catenanes are the same. For example, homocircuit [2]catenane 28, acts 
somewhat like the two station degenerate shuttle 14 [78]. In halogenated sol-
vents such as CDC13, the two macrocycles interact through hydrogen bonding 
between their aromatic-1,3-diamide groups, resulting in a "host-guest" re-
lationship in which each (constitutionally identical) ring adopts a different 
conformation and exists in a different chemical environment (amide-endo-
28, Scheme 10). Pirouetting of the two rings interconverts this host-guest 
relationship and is fast on the NMR timescale in CDC13 at rt. In a hydro-
gen bond-disrupting solvent such as ID6IDMSO,  however, the preferred co-
conformation has the amides exposed on the surface where they can interact 
with the surrounding medium, while the hydrophobic alkyl chains are buried 
in the middle of the molecule (amide-exo-28, Scheme 10). Of course, with the 
disruption of the main non-covalent interactions between the two rings, the 
frequency of movements is also greatly increased in polar media. 

As with rotaxanes, stimuli-induced structural changes can be used to alter 
the rates of the random intercomponent motions in catenanes. For example, 
electrochemical reduction of benzylic amide [2]catenane 3 completely halts 
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Scheme 10 Translational isomerism in an amphiphilic benzylic amide [2]catenane 28 

the circumrotational process due to formation of an intramolecular covalent 
bond between the two rings 1791. 

Sequential movement of one macrocycle between three stations on a sec-
ond ring requires independent switching of the affinities for two of the units 
so as to change the relative order of binding affinities, as shown schematically 
in Scheme 11 [80]. 

In [2]catenane 29 (Fig. 12), this is achieved by employing two fumaramide 
stations with differing macrocycle binding affinities, one of which (station A, 
green) is located next to a benzophenone unit. This allows selective, pho-
tosensitized isomerization of station A by irradiation at 350 nm, before dir-
ect photoisomerization of the other fumaramide station (station B, red) at 
254 nm. Station B, being a methylated fumaramide residue, has a lower affin-
ity for the macrocycle than station A. The third station (station C, orange)—
a succinic amide ester—is not photoactive and is intermediate in macrocycle 
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Scheme 11 Stimuli-induced sequential movement of a macrocycle between three different 
binding sites in a [2]catenane 
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Fig. 12 [2]Catenane 29 and (3]catenane 30 shown as their EX-isomers 

binding affinity between the two fumaramide stations and their maleamide 
counterparts. A fourth station, an isolated amide group (shown as D in 
E,E-30) which can make fewer intercomponent hydrogen bonding contacts 
than A, B, or C, is also present but only plays a significant role in the behavior 

of the [3]catenane. 
Consequently, in the initial state (state I, Scheme 11), the small macrocy-

cle resides on the green, non-methylated fumaramide station of [2]catenane 
29. Isomerization of this station (irradiation at 350 nm, green - blue) desta-
bilizes the system and the macrocycle finds its new energy minimum on the 
red station (state II). Subsequent photoisomerization of this station (irradi-
ation at 254 nm, red —> pink) means the macrocycle must now move onto 
the succinic amide ester unit (orange, state III). Finally, heating the catenane 
(or treating it with photo-generated bromine radicals or piperidine) results in 
isomerization of both the Z-olefins back to their E-forms (pink —+ red and 
blue — green) so that the original order of binding affinities is restored and 
the macrocycle returns to its original position on the green station. 

The 'H NMR spectra for each diastereomer show excellent positional in-
tegrity of the small macrocycle in this three-way switch at all stages of the 
process, but the rotation is not directional—over the complete sequence of re-
actions, an equal number of macrocycles go from A, through B and C, back to 
A again in each direction. 

3.6.2 
Directional Circumrotation: A [31 Catenane Rotary Motor 

Remarkable directional rotary motion has been produced in covalently linked 
structures in recent years [81-911. In order to bias the direction the macrocy- 
cle takes from station to station in a catenane such as 29, temporary barriers 
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are required at each stage to restrict Brownian motion in one particular direc-
tion and bias the path taken by the macrocycle from station to station. Such 
a situation is intrinsically present in [3]catenane 30 (Scheme 12) [80].  Irradi-
ation at 350 nm of E,E-30 causes counter-clockwise (as drawn) rotation of the 
light blue macrocycle to the succinic amide ester (orange) station to give Z,E-
30. Isomerization (254 nm) of the remaining fumaramide group causes the 
other (purple) macrocycle to relocate to the single amide (dark green) sta-
tion (Z,Z-25) and, again, this occurs counter-clockwise because the clockwise 
route is blocked by the other (light blue) macrocycle. This "follow-the-leader" 
process, each macrocycle in turn moving and then blocking a direction of 
passage for the other macrocycle, is repeated throughout the sequence of 
transformations shown in Scheme 12. After three diastereomer interconver-
sions, EE-30 is again formed but 360° rotation of each of the small rings has 
not yet occurred, they have only swapped places. Complete unidirectional ro- 

(ii) 	 . 	 - 

Z,E-30 	 Z,Z-30 

E.E-30 

Scheme 12 Stimuli-induced unidirectional rotation in a four station [3]catenane 30. 
(i) 350 rim, CH 202, 5 mm, 67%; (ii) 254 nm, CH202, 20 mm, 50%; (iii) 100 °C, 
C2142C14, 24 h, 100%; or catalytic ethylenediamine, 50°C, 48 h, 65%; or catalytic Br2, 
400-670 am, CH 2 Cl2, -78 °C, 10 min, 100% 
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tation of both small rings occurs only after the synthetic sequence (i)-(iii) has 
been completed twice. 

3.6.3 
Selective Rotation in Either Direction: A [2] Catenane Reversible Rotary Motor 

Catenane 30 rotates directionally solely through the biasing of random Brow-
nian motion. Over the past decade, a number of theoretical formalisms have 
been developed using non-equilibrium statistical physics which explain how 
various types of random fluctuation-driven transport can occur [7,9-18]. 
Underlying each of these Brownian ratchet or motor mechanisms are three 
components: (i) a randomizing element; (ii) an energy input to avoid falling 
foul of the Second Law of Thermodynamics; and (iii) asymmetry in the 
energy or information potential in the dimension in which the motion oc-
curs. Such ratchet mechanisms not only account for the general principles 
behind biological motors but have also been successfully applied to the de-
velopment of transport and separation devices for mesoscopic particles and 
macromolecules, microfluidic pumping, the photo-alignment of liquid crys-
tals, and quantum and electronic applications. Accordingly it appeared to us 
that a consideration of such physical mechanisms could aid the understand-
ing of how to direct intramolecular rotations within chemical structures and 
we applied these ideas to a catenane architecture [92]. 

A flashing ratchet is a particular type of energy ratchet mechanism [11], 
a classic example of which consists in physical terms (Fig. 13) of an asym-
metric potential energy surface (a periodic series of two different minima and 
two different maxima) along which a Brownian particle is directionally trans-
ported by sequentially raising and lowering each set of minima and maxima 
by changing the potential (for example, with an oscillating electric field and 
a charged particle). The key to visualizing how the principles of such an en-
ergy ratchet can be applied to a catenane architecture is not to consider the 
whole catenane as a molecular machine, but rather to think of one macrocycle 
as a motor that transports a substrate—the other ring—directionally around 
itself! In its simplest form this results in a [2]catenane such as 31 (Fig. 14) 
which is able to directionally rotate the smaller ring about the larger one in 
response to a series of chemical reactions. 

H 	- 	- 	- 
Fig. 13 A flashing energy ratchet mechanism for Brownian particle transport along an 
oscillating potential energy surface 
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Fig. 14 a Schematic illustration and b potential energy surface for the blue ring in a min-
imalist [21catenane  rotary molecular motor, 31 

This concept was realized in chemical terms through the synthesis and 
operation of catenane 32 (Scheme 13) [92]. Net changes in the position or 
potential energy of the smaller ring were sequentially achieved by: (i) photoi-
somerization to the maleamide (-->ma1-Z-32); (ii) de-silylation/ re-silylat ion 
(-*succ-Z-32); (iii) re-isomerization to the fumaramide (-succ-E-32); and 
finally, (iv) de-tritylation/re-tritylation to regenerate fum-E-32, the whole 
reaction sequence producing a net clockwise (as drawn in Scheme 13) cir-
cumrotation of the small ring about the larger one. Exchanging the order of 
steps (ii) and (iv)—i.e. employing steps (v) and (vi) instead—produced an 
equivalent counter-clockwise rotation of the small ring. 

Biological motors are obviously too complex for the thermodynamic func-
tion of individual amino acid movements to be unraveled in detail. In con-
trast, the simplicity of 32 and the minimalist nature of its design allows 
insight into the fundamental role each part of the structure plays in the op-
eration of the rotary machine. The various chemical transformations perform 
two different functions: one pair (the linking/ unlinking reactions—steps (ii) 
and (iv) or (v) and (vi)) modulates whether the small macrocycles can be 
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Scheme 13 A reversible [2]catenane rotary motor 32. i) hv 254 nm, 5 mill., 50%; ii) TBAF, 
20 min then cool to - 78°C and add 2,4,6-collidine, TBDMSOTf, I h, overall 61%; iii) 
piperidine, 1 h, -'- 100%; iv) Me2S•BCI3, - 10°C, 15 min then cool to - 78°C and add 2,4,6-
collidine, TrOTf, 5 h, overall 63%; v) Me2S•BCI3, - 10°C 10 min and then TrCI, Bu 4NCI04 , 

2,4,6-collidine, 16 h, overall 74%; vi) TBAF, 20 min then cool to - 10 °C and add 2,4,6-
collidine, TBDMSOTf, 40 mm, overall 76% 

exchanged between the two binding sites on the big ring or not (i.e. allow 
the small macrocycle to reach positional equilibrium and become statisti-
cally balanced between the two binding sites according to a Boltzmann dis-
tribution); the second pair (balance-breaking reactions—steps (i) and (iii)) 
isomerize the olefin station (either E —* Z or Z —+ E), switching its binding 
affinity for the small macrocycle either on or off. By changing the relative 
binding affinities of the two stations in the large ring, each balance-breaking 
stimulus provides a driving force for re-distribution of the small ring if it is 
able to move between the binding sites. In other words, the balance-breaking 
reactions control the thermodynamics and impetus for net transport by biased 
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Brownian motion; the linking/unlinking reactions largely control the rela-
tive kinetics and ability to exchange. Raising a kinetic barrier also "ratchets" 
transportation, allowing the statistical balance of the small ring to be subse-
quently broken without reversing the preceding net transportation sequence. 
Lowering a kinetic barrier allows "escapement" of a ratcheted quantity of 
rings in a particular direction. 

To obtain 3600  rotation of the small ring about the large ring, the four 
sets of reactions must be applied in one of two sequences, each taking the 
form: first a balance-breaking reaction; then a linking/ unlinking step; then 
the second balance-breaking reaction; finally, the second linking/unlinking 
step. The direction of net rotation is determined solely by the way the 
balance-breaking and linking/ unlinking steps are paired—an external input 
of information. The sense of rotation is not affected by any of the intrin-
sic requirements-213 symmetry breaking, energy input, thermal bath—for 
directional transport. The efficiency or yields of the reactions—or the pos-
ition of the ring at any stage (even if the machine makes a "mistake")—
are immaterial to the direction in which net motion occurs, as long as the 
reactions continue to be applied in the same sequence. Although revers-
ing the sequence of the four steps changes the pairings and so rotates the 
small ring in the opposite direction, reversing the entire sequence of six 
chemical reactions does not, because linking-unlinking operations are not 
commutative. 

Catenane 32 demonstrates that mechanisms formulated from non-equili-
brium statistical mechanics can be successfully used to design synthetic mo-
lecular motors. In turn, the analysis of this deceptively simple molecule—
particularly the separation of the kinetic and thermodynamic requirements 
for detailed balance—provides experimental insight into how an energy input 
is essential for directional rotation of a submolecular fragment by Brownian 
motion. Even though no net energy is used to power the motion, there has to 
be some processing of chemical energy for net rotation to be directional over 
a statistically significant number of molecules; a requirement that is absent if 
the equivalent motion is non-directional. The amount of energy conversion 
required to induce directionality has an intrinsic lower limit, corresponding 
to the binding energy difference of the fumaramide and maleamide binding 
sites, the same value that determines the directional efficiency of rotation and 
the maximum amount of work the motor can theoretically perform in a sin-
gle cycle. The link between information and thermodynamics has haunted 
physics for nearly 150 years [93]. The factors that determine the sense of 
rotation in 32 (relying on the sequence, not energetics, of balance-breaking 
and linking/ unlinking steps), together with the requirement for finite energy 
conversion to heat for directional rotation in circumstances when no work 
is done against an external force, illustrates how fundamental interplay be-
tween informational and thermodynamic laws governs directional Brownian 
rotation in molecular structures. 
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4 
Property Effects Using Amide-Based Synthetic Molecular Machines 

Whatever the future application of synthetic molecular machines may be, it 
is clear practical devices will require that the machine and its components 
are able to interact with the macroscopic world, either directly or through 
further interactions with other molecular-scale devices. Stimuli responsive 
molecular shuttles offer a generic approach which could be taken to create 
mechanical molecular switches for a variety of distance dependent properties. 
Suitable functionalization of the macrocycle and one end of the thread can 
lead to molecular switches that can change a variety of properties in response 
to a particular switching stimulus (Fig. 15) [94]. 

B 	 A 	
B 

-- -* --  

44 _(') _=P~3 	 4  MW 

Station binding affinity order: 	 > 

Fig. 15 Exploiting a well-defined, large amplitude positional change to trigger property 
changes. (i) A and B interact to produce a physical response (fluorescence quenching, 
specific dipole or magnetic moment, NLO properties, color, creation/concealment of 
a binding site or reactive/ catalytic group, hydrophobic/hydrophilic region, etc.); (ii) mov-
ing A and B far apart mechanically switches off the interaction and the corresponding 
property effect 

4.1 
Switching On and Off Induced Circular Dichroism with a Molecular Shuttle 

In a study of chiral dipeptide [2]rotaxanes, it had been shown that the pres-
ence of an intrinsically achiral benzylic amide macro cycle near to the chiral 
center can induce an asymmetric response in the aromatic ring absorption 
bands [95].  The induced circular dichroism (lCD) effect is strongest in apolar 
solvents when intercomponent interactions are maximized and the chirality 
is transmitted from the amino acid asymmetric center on the thread, via the 
achiral macrocycle to the aromatic rings of the achiral C-terminal stopper 
on the thread. These observations led to the design of the chiroptical mo-
lecular shuttle E/Z-33 (Scheme 14) [96].  Unlike chiroptical switches in which 
the presence or handedness of chirality is intrinsically altered, E/Z -33 re-
mains chiral with the same handedness throughout; it is the expression of 
that chirality that is altered. In the E-33 form, the macrocycle is held over 
the fumaramide binding site, far from the chiral center of the peptidic sta-
tion. Correspondingly, the circular dichroism response is zero. In the Z-33 
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Scheme 14 Chiroptical switching in [2]rotaxane-based molecular shuttle E/Z-33 

isomer, however, the macrocycle resides on the peptide station close to the 
L-Leu residue and a strong (- 13 k deg cm  dmot'), negative lCD response is 
observed [96].  Preparatively, the E -+ Z isomerization is most efficiently car-
ried out by irradiation at 350 nm in the presence of a benzophenone sensitizer 
(photostationary state 70 : 30 Z: E), while the Z -f E transformation can be 
achieved almost quantitatively by irradiation at 400-670 nm in the presence 
of catalytic Br2. 

4.2 
Switching On and Off Fluorescence with a Molecular Shuttle 

A similar approach has been used to make a molecular shuttle switch for fluo-
rescence, E/Z-34 (Scheme 15) [94]. This system also relies on the photoswitch-
able fumaramide/maleamide station but attached to the intermediate-affinity 
dipeptide station is an anthracene fluorophore, while the macrocycle now con-
tains pyridiriium units—known to quench anthracene fluorescence by electron 
transfer. In both the free thread and E-34, strong fluorescence (A exc  = 365 nm) is 
observed, while shuttling of the macrocycle onto the glycyiglycine station in Z-
34 quenches this emission almost completely. At the maximum of E-34 emission 
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a) 	 H 

Scheme 15 A fluorescent molecular switch based on [2]rotaxane molecular shuttle E/Z-34. 
a Interconversion between fluorescent E-34 and non-fluorescent Z-34; b images of cu-
vettes containing solutions of Z-34 and E-34 respectively (0.8 [LM, CH 2 C12) demonstrating 
the clearly visible difference in fluorescence intensity. The photographs were taken while 
illuminating with UV light (365 nm) 
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(), max  = 417 nm) there is a remarkable 200: 1 difference in intensity between 
the two states—strikingly visible to the naked eye (Scheme 15b). 

The same principles have been used to create switches that function in 
polymer films [97]. Patterns visible to the naked eye were generated using 
an environment-switchable shuttle covalently derivatized with poly(methyl 
methacrylate) (PMMA), 35 (Scheme 16 and Fig. 16). A polymer film INHIBIT 
logic gate based on a combination of control of submolecular positioning 
and chemical modification (protonation) was also demonstrated (36/36.2W, 

Scheme 16 and Fig. 17) [97]. 

cOd 3 	[D6JDMSO 0..A'-f' 	 Me CO2MOBr 

O,n 
o 	o 

MeMe 

0 

H Ome 
Me 

35, X = C-NO2  

CF3COOHL 	 N-H 

Scheme 16 Polymeric environment-switchable molecular shuttles 35 and 36/36.2H t  

Fig. 16 Images obtained by casting Iilms of polymer 35 on quartz slides, covering them 
with an aluminum mask and exposing the unmasked area to dimethylsulfoxide vapors 
for 5 minutes. The photographs were taken while illuminating the slides with UV light 
(254-350 run). The symbols of Sony PIaystation are illustrative of the types of patterns 
that can be created 
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Fig. 17 	A molecular shuttle Boolean logic gate that lulIctiuzIs in a polymer film. 
a Aluminium grid used in the experiment. The coin shown for scale is a UK Sp piece. 
b Pattern generated when films of 36 were exposed to trifluoroacetic acid vapor for 5 min-
utes through the aluminium grid mask. c Criss-cross pattern obtained by rotating the 
aluminium grid 900  and exposing the film shown in (b) to DMSO vapor for a further 
5 minutes. Only regions exposed to trifluoroacetic acid but not to DMSO are quenched. 
The truth table for an INHIBIT logic gate is shown in the inset. The photographs of the 
slides were taken in the dark while illuminating with UV light (254-350 nm) 

4.3 
Rotaxane-Based Photoresponsive Surfaces and Macroscopic Transport 
by Molecular Machines 

Perhaps the most dramatic illustration of the potential of controlled mo-
lecular level motion in this type of system is a recent demonstration of 
the creation and utility of photoresponsive surfaces based on rotaxanes 
(Schemes 17 and 18, Fig. 18) [98].  The millimeter scale directional transport 
of diiodomethane across a surface (Fig. 18) was achieved using the biased 
Brownian motion of the components of a stimuli-responsive rotaxane 37 
(Scheme 17) to expose or conceal fluoroalkane residues and thereby mod-
ify surface tension. The collective operation of a monolayer of the molecular 
shuttles attached to a self-assembled monolayer of 11-mercaptoundecanoic 
acid (11-MUA) on Au(ill) (Scheme 18) was sufficient to power the move-
ment of a microliter droplet of diiodomethane up a twelve degree incline 
(Fig. 18e—h). 
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Scheme 17 Stimuli-induced positional change of the macrocycle in a fluorinated molecu-
lar shuttle, 37.2H. (i) 254 run, CH202, 5 mm, 50%; (ii) piperidine, CH202, rt, 2 h then 
CF3CO2H, 100% or 1150,  C2H2C4, 24h, 90% 

a) 	 E-3711-MUAAu(111) 	b) 	 EIZ-3711-MUAAu(111) 
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Fig. 18 	Lateral photographs of light-driven dire&iioiial transport of a 1.23[d di- 
iodomethane drop across the surface of a E-3711-MUAAu(lll) substrate on mica 
arranged flat (a-d) and up a twelve degree incline (e-h). a Before irradiation (pristine 
E-37). b After 215 s of irradiation (20 s prior to transport) with UV light in the position 
shown (the right edge of the droplet and the adjacent surface). c After 370 s of irradi-
ation (just after transport). d After 580 s of irradiation (at the photostationary state). 
e Before irradiation (pristine E-37). f After 160 s of irradiation (just prior to transport) 
with UV light in the position shown (the right edge of the droplet and the adjacent sur-
face). g After 245 s of irradiation (just after transport). h After 640 s irradiation (at the 
photostationary state). For clarity, on photographs f-h a yellow line is used to indicate 
the surface of the substrate 

Scheme 18 A photo-responsive surface based on switchable fluorinated molecular shut-
tles. Light-switchable rota.xanes with the fluoroalkane region (orange) exposed (E-37) 
were physisorbed onto a SAM of 11 -MUA on Au( 111) deposited onto either glass or mica 
to create a polarophobic surface, E-37. 1 I -MUA-Au( 111). Illumination with 240-400 nm 
light isomerizes some of the E olefins to Z causing a nanometer displacement of the ro-
taxane threads in the Z-shuttles which encapsulates the fluoroalkane units leaving a more 
polarophilic surface, E/Z-37.11-MIJA-Au(111). The contact angles of droplets of a wide 
range of liquids change in response to the isomerization process 
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5 
Conclusions 

The relative positioning of the components of hydrogen bonded benzylic 
amide catenanes and rotaxanes can be switched, rotated, speeded up, slowed 
down and directionally driven in response to a remarkable range of stimuli. 
In doing so they can affect the nanoscopic and macroscopic properties of the 
system to which they belong. Whether one chooses to call these and similar 
systems "motors" and "machines", or rather consider them more classically 
in terms of specific triggered large amplitude conformational, configurational 
and structural changes, to appreciate the overriding importance and poten-
tial of controlled molecular motion one only has to realize that it is at the 
heart of virtually every biological process. In contrast, at the start of the 21 "  

century none of mankind's technology (with the notable exception of liquid 
crystals) exploits controlled molecular-level motion in any way at all. When 
we learn how to produce molecules that can bias random dynamic processes 
in response to stimuli in a controlled manner—and discover how to inter-
face their effects with other molecules and the outside world —it will add 
a completely new dimension to functional molecule and materials design. An 
improved understanding of physics and biology will also surely follow. There 
is no question that much of this revolution lies far in the future but it is in-
evitable nonetheless. The first small steps along this path have been taken. 
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Abstract: Here we correlate chemical (covalent), physical (thermodynamic), and statistical (population 
distribution) descriptions of behavior with the way that two new types of simple molecular machines (the 
threads of rotaxanes) perform the task of transporting a Brownian substrate (the rotaxane macrocycle) 
between two distinguishable binding sites. The first machine–substrate ensemble is a [2]rotaxane that 

operates through a mechanism that intrinsically causes it to change the average position of the macrocycle 
irreversibly. This contrasts with the behavior of classic stimuli-responsive molecular shuttles that act as 
reversible molecular switches. The second system is a compartmentalized molecular machine that is able 
to pump its substrate energetically uphill using the energy provided by a photon by means of an olefin 

photoisomerization. Resetting this compartmentalized molecular machine does not undo the work it has 
carried out or the task performed, a significant difference to a simple molecular switch and a characteristic 
we recognize as "ratcheting' (see Scheme 8). The ratcheting mechanism allows the [2]rotaxane to carry 
out the transport function envisaged for the historical thought-machines, Smoluchowski's Trapdoor and 

Maxwell's Pressure Demon, albeit via an unrelated mechanism and using an input of energy. We define 
and exemplify the terms "rattheting" and "escapement" in mechanical terms for the molecular level and 

outline the fundamental phenomenological differences that exist between what constitutes a two-state 
Brownian switch, a two-state Brownian memory or "flip-flop", and a (two-stroke) Brownian motor. We also 
suggest that considering the relationship between the parts of a molecular machine and a substrate in 
terms of "statistical balance" and "linkage" could be useful in the design of more complex systems and in 
helping to understand the role of individual amino acids and peptide fragments during the directional transport 

of substrates by biological pumps and motors. 

Introduction 

In recent years it has proved possible to design synthetic 

molecular systems in which positional displacements of sub-

molecular components result from moving energetically down-

hill,' but what are the structural features necessary for molecules 

to convert chemical energy into mechanical work? How can 

we make a synthetic molecular machine that pumps ions against 

a gradient, say, or moves itself or a substrate energetically uphill 

along a track? We know that nature has developed such 

machines and refined them to a high degree of efficiency 2  and 

yet the chemistry literature is surprisingly poor when it comes 

to the fundamental guidelines necessary to invent them. Here 

(a) Balzani. V.: Credi, A.: Raymo, F. M.; Stoddart, J. F. Angew. Chem., 
In!. Ed. 2000, 39, 3349-3391. (b) Sioddart, J. F., Ed. Special issue on 
Molecular Machines. Ace. Chem. Res. 2001, 34, 409-522. (C) Balzani, 
V.; Venturi, M.; Credi, A. Molecular Devices and Machines. A Journey 
into the Nanoworid; Wiley.VCH: Weinheim, Germany. 2003. (d) Easton, 
C. J.; Lincoln, S. F.: Barr, L.; Onagi, H. Chem. Eu,'. J. 2004, 10, 3120— 
3128.  (e) Flood, A. H.: Ramirez, R. J. A.; Deng, W. Q.; Muller, R. P.; 
Goddard, W. A.: Stoddart,J. F. Aust. J. Chem. 2004, 57, 301-322. (1) 
Crowley, J. D.: Goshe, A. .1.; Steele, I. M.; Bosnich, B. Chem. Eur. J. 
2004, 10,1944-1955. (g) Kottas, G. S.: Clarke, L. I.; Horinek, D.; Michl, 
J. Chem. Rev. 2005, 105. 1281-1376. (h) Kinbara. K.; Aida, T. Chem. 
Rev. 2005, 105. 1377-1400. (i) Kay, E. R.: Leigh, D. A. In Functional 
Artificial Receptors: Schrader, T., Hamilton, A. D., Eds.; Wiley-VCH: 
Weinheim. Germany. 2005; pp 333-406. (j) Kelly, T. R., Ed. Volume on 
Molecular Machines. Top. Curr. Chem. 2005, 262, 1-236. 
Molecular Motors; Schliwa, M., Ed.: Wiley.VCH: Weinheim, Germany. 
2003, 

we examine the way that some simple molecular machines carry 

out the task of transporting a particle along a one-dimensional, 

two minimum, potential energy surface and attempt to correlate 

the chemical (covalent structure), physical potential (thermo-

dynamic and kinetic properties governed by attractive and 

repulsive noncovalent interactions), and statistical (population 

distribution) behavior of the system with aspects of the task 

performance. The results begin to provide the phenomenological 

framework necessary for chemists to design more complex 

compartmentalized molecular-level machines (assemblies of 

simpler machines that each act as components by performing a 

set task). It may also prove useful in understanding the roles 

played by individual submolecular fragments during the opera-

tion of biological machines. 

The Two-Compartment Brownian Particle 
"Thought-Machines" 

The design of tiny machines capable of transporting Brownian 

particles selectively between two compartments—i.e., effectively 

along a one-dimensional, two minimum, potential energy 

surface—was the subject of several celebrated historical "thought-

machines" (Figure 1).3-1  Both Maxwell's Demon" (Figure la 

and b) and Smoluchowski's Trapdoor5  (Figure Id) were 

concerned with trying to set up temperature or pressure gradients 

in systems containing multiple Brownian particles through their 
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Figure 1. Examples of two-compartment Brownian "thought-machines": (a) Maxwell's "temperature demon" in which a gas at uniform temperature is 
sorted into "hot" and "cold" molecules. 4  Particles with energy higher than the average are represented by red dots while blue dots represent particles with 
energies lower than the average. (b) A Maxwellian "pressure demon" in which a pressure gradient would be created if the door was only opened when a 
particle in the left compartment approached it. 4  (c) Szilard's Engine, which attempts to do work with a piston using heat drawn from an external reservoir 
by a pressure demon .6 

 (i) Initially, a single Brownian particle occupies a cylinder with a piston at either end. A frictionless partition is put in place to divide 

the container into two compartments ((i) (ii), unlinking stimulus). (ii) The demon then detects the particle and determines in which compartment it resides 
(the left (L) compartment in the depicted example). (iii) Using this information, the demon is able to move the opposite piston into position without meeting 

any resistance from the particle. (iv) The partition is removed (linking stimulus), allowing (v) the "gas" to expand against the piston, doing work against any 

attached load. To replenish the energy used by the piston and maintain a constant temperature, heat must flow into the system. To complete the thermodynamic 

cycle and reset the machine, the demon's memory of where the particle was must be erased ((vi) (I)). (d) Smoluchowski's Trapdoor: an "automatic" 

pressure demon. The directionally discriminating behavior is carried out by a wholly mechanical device, a trapdoor that is intended to open when hit from 

one direction but not the other (note, this still involves the communication of information between the particle and the machine; the demon is incorporated 
into the door mechanism). 5  

controlled exchange between two compartments; Szilard's 
Engine' (Figure lc) endeavored to utilize the pressure exerted 

Marwell c Demon 2. Emrqpy_  classical and quantum information, coniput-
jag, Leff, H. S., Rex, A. F., Eds.; Institute of Physics Publishing: Bristol, 
U.K.. 2003. 
The first (a) private and (b) public written discussions of the "temperature 
demon" were as follows: (a) Maxwell, J. C. Letter to P. U Tail, 11 
December 1867. Quoted in Knott, C. G. Life and Scientific Work of Peter 
Guthrie Tait; Cambridge University Press: London, 1911; pp 213-214. 
(b) Maxwell, J. C. Theory of Heat; Longmans, Green and Co.: London, 
1871; Chapter 12. (c) Maxwell introduced the idea ofa "pressure demon" 
in a later (undated) letter to Tait, also quoted in Knott. C. C. Life  and 
Scientific Work of Peter Guthrie Tait; Cambridge University Press: London, 
1911: pp  214-215 and ref (3). A pressure demon is able to operate in a 
system linked to a constant-temperature reservoir with the sole effect of 
using energy transferred as heat from that reservoir to do work (see Seilani's 
engine, Figure Ic, ref 6). This is in conflict with the Kelvin-Planck form 
of the Second Law, whereas the temperature demon challenges the Clausius 
definition. 
Smoluchowski's Trapdoor [(a) von Smolucbowski, M. Phys. Z. 1912, 13, 
1069-1080. (b) von Smoluchowaki, M. Vossgage fiber die Kinr'ticche 
Theorie der Matt'rie und der Elekjrizuai; Planck. M., Ed.; Teubner und 
Leipzig: Berlin. 1914; pp 89-121] aims to transport particles selectively 
from the left compartment to the right in Figure Id. However, in the absence 
of a mechanism whereby the trapdoor can dissipate energy, it will be at 
thermal equilibrium with its sun-oundings. This means it must spend much 
of its time open, unable to influence particle transport. Rarely, it will be 
closed when a particle approaches from the ngbi and will open on collision 
with a particle coming from the left —doing its job as intended. Such events 
are balanced, however, by the door snapping shut on a particle 1mm the 
tight, pushing it into the left chamber. Overall, the mbability of  particle 
moving from left to right is equal to that for moving right to left and so 
the trapdoor cannot accomplish its intended function adiabatically. 
Szi lard, L. Z Phvs. 1929, 53, 840-856. 
Feynman, R. P.; Leighton, K. B.; Sands, M. The Fevnman Lectures on 
Physics; Addison-Wesley: Reading, MA, 1963; Vol. 1, Chapter 46. 

by one Brownian particle located in one of two compartments 
to do work. The behaviors of all four "Gedankenmaschinen" 
were considered without an external energy source (other than 
a heat reservoir at the same temperature as the Gedankenni-
aschine system) —'their purpose was to test the nature of the 

For the realization of Feynman's ratchet-and-pawl in molecular form see: 
(a) Kelly, T. R.; Tellitu, I.; Sestelo, J. P. Angew. Chem., in!. Ed Engl. 
1997, 36, 1866-1868. For nonadiabatic molecular versions which unidi-
rectionally rotate see: (b) Kelly, T. R.; Dc Silva, H.; Silva, R. A. Nature 
1999. 401, 150-152, (c) Leigh, D. A.; Wong. J. K. Y.; Dehes, F.; Zerbetto. 

Nature 2003, 424, 174-179. (d) Hernhndes, J. V.: Kay, E. R.; Leigh, 
A. Science 2004, 306, 1532-1537. For other types of rotary molecular 

motors see: (c) Koumura, N.; Zijlstra, K. W. J.: van Delden, R. A. Harada, 
N.; Feringa, B. L. Nature 1999,401. 152-155. (1) Koumura, N.; C,eerlsema, 

M.; Meetama, A.; Feringa, B. L. J. Am. Cheat. Soc. 2000, 122, 12005-
12006. (g) Koumura, N.: Geerisema, F. M.; van fielder, M. B.; Meetsma, 
A.; Feringa, B. L. J. Am, Chem. Soc. 2002, 1 14. 5037-5051. (h) (ieertscma, 
E. M.; Koumura, N.; tar Wiel, M. K. J.; Meetsma, A.; Feririga, B. L. Chem. 
Commun. 2002, 2962-2963. (i) van Delden, R. A.: Koumum, N.: Flarada, 
N.; Feringa, B. L. Proc. Nail. Acad, SeE. U.S.A. 2002, 99, 4945-4949. (j) 
tar Wiel, M. K. J.: van Delden, R. A.; Meetsma, A.; Feringa, B. L. J. Am. 
Cheat. Soc. 2003, 125, 15076-15086. (k) van Delden. K. A.; Koumura, 
N.: Sehoevaajs, A.; Meeisma, A.; Fennga, B. L. Org. Riomol. Chem. 2003. 
1, 33-35. (I) tar Wiel, M. K. .1.: van Delden, K A.; Meetama. A.; Feringa, 
B. L. J. Am. Chem. Soc. 2005, 127, 14208-14222. (in) Pijper, D.: van 
Delden. R. A.; Meetsma, A.; Fennga, B. L. J. Am. ('hem. Soc. 2005, 127, 
17612-17613. (n) tel Wiel, M. K. J.; van Delden. R. A.; Meetama, A.; 
Fennga, B. L. Org. Bjomo(. Chem. 2005, 3, 4071-4076. (0) van Delden, 
K. A.; ter Wiel, M. K. i.; Pollard, M. M.; Vicario, J.; Koumura, N.;Feringa, 
B. L. Nature 2005, 437, 1337– 1340. (p) Fujit.a, T.; Kuwaliara, S.; Harada, 
N. Eu,', J. Org. Cheat. 2005, 4533-4543. (q) Kuwahara, S.: Fujita. 1.; 
Harada, N. Eu,'. J. Org. Chem. 2005.4544-4556. (r) Fletcher. S. P.; Duntur. 
F.; Pollard, M. M.; Feringa, B. L. Science 2005, 310, 80-82. (s) Lin. Y.; 
DahI, B. J.; Branchaud, B. P. Tetrahedron Lett, 2005, 46, 8359-8362. 
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Scheme 1. Previously Reported 13l 121Rotaxane, 1, that Functions as a Stimuli-Responsive Molecular Shuttle`  

Ph 
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Ph 

At 254 nm the photostationary state is 61:39 E:Z,13i  at 312 nm it is -50:50, and at 350 nm with a benzophenone sensitizer it is 40:60 E213J and can 

be increased up to 30:70 E:Z°' for some derivatives. 

Second Law of Thermodynamics, not to see how a working 

Brownian machine could be achieved (that was probably first 

discussed 7 - 8  by Feynman). However, modern synthetic routes 

allow us to make molecules in which the Brownian motion of 

substrates does occur between two well-defined locations, e.g., 

rotaxane-based molecular shuttles. This enables us to re-visit 

the question of how to transport a Brownian particle between 

two distinguishable sites, not from the point of view of doing 

so adiabatically, but rather to see how such a task can be 

performed by a molecular-level machine. 

Rotaxanes and Molecular Shuttles 

Rotaxanes are chemical structures in which one or more 

macrocycles are mechanically prevented from de-threading from 

linear chains by bulky "stoppers". 9  Even though the rings are 

not covalently attached to the threads, rotaxanes are molecules —

not supramolecular complexes--as covalent bonds must be 

broken in order to separate the components from each other.9, 10  

The interactions generally used to direct the synthesis of 

rotaxanes often "live-on" in the product, providing a well-

defined binding site or "station" for the ring on the thread. If 

two or more stations are present on a thread with a traversable 

path between them, the rotaxane can be considered a "molecular 

shuttle" in which the ring is incessantly and randomly 

exchanged between the binding sites. 12  Stimuli-responsive 

molecular shuttles are rotaxanes in which the net position of 

the macrocycle on the thread (i.e., the statistical distribution of 

the ring between the stations) changes in response to external 

triggers (light," heat,' 4  electrons, 15  chemical, 16  pH, 17  binding 

events, 18  etc.). Generally, the external stimulus alters the 

(a) Schill, 6. Caienane.s. Roiaxanes and Knots; Academic Press: New York, 
1971. (b) Amabilino, D. B.: Stoddart. J. F. Chem. Rev. 1995, 95, 2725 
2828. (c) Molecular Catenanes Rolaranes and Knots; Sauvage, J.-P., 
Dietnch.Buchecker. C. 0., Eds.; Wiley.VCH: Weinheim, Germany. 1999. 
Hannam, J. S.; Lacy, S. M.; Leigh, D. A.; Saiz, C. G.; Slawin. A. M. Z.: 
Stitchell, S. G. Angew C/tern.. in:. Ed. 2004, 43. 3260-3264. 
(a) Anelli, P. L.; Spencer, N.: Sloddart, J. F. J. Am. Chem. Soc. 1991. 113, 
5131-5133. For the first example of an amide-based molecular shuttle 
see: (b) Lane. A. S.; Leigh, D. A.; Murphy, A. I Am. Chem. Soc. 1997, 
1/9, 11092-11093. 
The key feature of a rotaxane architecture from the point of view of 
molecular-level machines is that movement of the macrocycle in any 
direction other than along the thread is resisted by enormous steric forces 
up until the breaking point of covalent bonds in the macrocycle or the 
thread. This is a fundamentally different situation to a host-guest complex 
when, following de.comptexation from the binding site, the motion of the 
ring is not restricted in any dimension and it is free to exchange with others 
in the medium. Simple host-guesslsuprarnolecular systems cannot function 
as nanoscale mechanical machines unless restrictions on the exchange of 
the unbound species with the bulk apply (as happens with kinetically stable 
pseudo-rotaxanes) or the binding event brings about a mechanical (i.e., 
conformational) change in one of the molecular components. Similarly, 
molecules that are not kinetically stable --this includes some rotaxanes that 
are thermodynamically stable but kinetically labile --cannot behave as 
molecular machines if they exchange components with the bulk quicker 
than the time scale of their stimuli-induced change of position. Molecular 
machines designed to exploit motion have to be kinetically associated with 
their substrates throughout the operation of the machine, 
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structure of one of the binding sites so as to change the relative 

binding affinities of the stations for the macrocycle, placing the 

system out of co-conformational' 9  equilibrium. Relaxation 

toward the new global minimum subsequently occurs by the 

macrocycle moving along the thread. A typical example' 3J of a 

light-switchable amide-based molecular shuttle is shown in 

Scheme 1. 

However, we can also think of stimuli-responsive molecular 

shuttles in another way; we can consider just the thread portion 

of such a molecule as a machine that directionally transports a 

particle—the interlocked macrocycle"between two sites (com-

partments) on a one-dimensional potential energy surface. 20  The 

significance of considering a rotaxane in this way is that over 

(13) For examples of pbotochemically responsive molecular shuttles see: (a) 
Benniston. A. C.; Haniman, A. Angew. Chem., In:. Ed. Engl. 1993, 32. 
1459-1461. (b) Benniston, A. C.; Harriman, A.; Lynch, V. M. Tetrahedron 
Lets. 1994,35, 1473-1476. (C) B.enniston, A. C.; Harriman, A.; Lynch, V. 
M. J. Am. Chem. Soc. 1995, /17. 5275-5291. (d) Murakami, H.; 
Kawabuchi, A.: Kotoo, K.; Kunitake, M.; Nakashims, N. J. Am. Chem. 
Soc. 1997, /19, 7605-7606. (e) Annaroli, N.; Balzani, V.; Collin, 1.-P.; 
Gavii5a, P.; Sausage, 1,-P.; Ventura, B. J. Am. Chem. Soc. 1999, /21,4397-
4408. (1) Ashton, P. R.; Ballardini, R.; Balzani, V.; Credi, A,; Dress, K. 
K.; Ishow, E.; Kleverlaan, C. J.; Kocian, 0.; Preece, J. A.; Spencer, N.; 
Stoddart. 1. F.; Venturi, M.; Wenger, S. Chem. Ear. 1 2000, 6. 3558-
3574. (g) Wurpel, G. W. H.; Brouwer, A. M.; van Stokkum, I. H. M.; 
Farran, A.; Leigh, D. A. J. Am. C/tern. Soc. 2001, 123. 11327-11328. (h) 
Brouwer, A. M.; Frochot, C.; Oath, F. 0.; Leigh, D. A.; Mottier, L.; 
Paolucci, F.; Roffia, S.; Wurpel, G. W. H. Science 2001,29/.2124-2128. 
(I) Stanier, C. A.; Alderman, S. J.; Claridge, T. D. W.; Anderson, H. L. 
Angew. Chem.. ml. Ed. 2002, 41, 1769-1772. (j)  Altieri. A.; Bottari, 0.; 
Dehez, F.; Leigh, D. A.; Wong, J. K. Y.; Zerbetto, F. Angew. Chem., ml. 
Ed. 2003,42, 2296-2300. (k) Abraham. W.; Gruberl, L.; (irummt, U. W.; 
Buck, K. Chem. Ear. J. 2004, 10, 3562-3568. (I) Murakami, H.; 
Kawabuchi, A.; Matsumoto, K.; Ido, T.; Nakashima, N. J. Am. Chem. Soc. 
2005, /27, 15891-15899(m) Schmidt-SchSffer, S.; Grubert, L.; Grummt, 
U. W.; Buck, K.; Abraham, W. Eur. I Org. Chem. 2006, 378-398. (n) 
Wang, Q.-C.; Ma, X.; Qu, 0.-H.; Tian. H. Chem. Eur, J. 2006, 12, 1Q88-
1096. (o)  Balzani, V.; Clemente-Ledn, M.; Credi, A.; l'errer, B.; Venturi. 
M.; Flood, A. H.; Stoddart, J. F. Proc. Nail. Acad, Sd. U.S.A. 2006, 103, 
1178-1183. 

(14) For an example of entropy-driven shuttling see: Bottari, G.; Oehez, F.; 
Leigh, D. A.; Nash, P. 1.; Perez, F. M.; Wong, J. K. Y.; Zerbetto, F. Angew. 
C/tern,, In:. Ed. 2003. 42, 5886-5889. 

(15) For examples of electrochemically responsive molecular shuttles see ref 
l3e, 13o and (a) Bissell. K. A.; Córdova, F.; Kaifer, A. E.; Stoddart, J. F. 
Vaiure 1994, 369, 133-136. (b) Collin, J.-P.; Gaviña, P.; Sausage, J.-P. 
New j C/tern. 1997. 525-528. (c) Ballardini, R.; Balzani, V.; Dehaen, 
W.; Del)'Erba, A. F.; Raymo, F. M.; Stoddart, I. F.; Venturi, M. Ear. J. 
Org. Chem. 2000,591-602. (d) Ashton. P. K.; Batlardini, K.; Balzani, V.; 
Credi. A.; Dress, K. K.; ]show, E.; Kleverlaan, C. .1.; Kocian, 0.; Preece, 
J. A.; Spencer, N.; Stoddart, J. F.; Venturi, M.; Wenger, S. Chem. Ear. J. 
2000, 6,3558-3574- (e) Altieri, A.; Gatti, F. 0.; Kay, E. R.; Leigh, D. A.; 
Martel, 0.; Paolucci. F,; Slawin, A. M. Z.: Wong. J. K. Y. I Am. Chem, 
Soc. 2003, 125. 8644-8654. (I) Long. B.; Nikitin, K.; Fitznsaurice. D. I 
Am. Chem. Soc. 2003. 125, 15490-15498. (g)  Kihara, N.; Hashimoto, M.; 
Takata, T. Org. Let:. 2004, 6, 1693-1696. (h) Tseng, H.-R.; Vignon, S. 
A.; Celestre, P. C.; Perkins, i.; Jeppesen, J. 0.; Di Fabio, A.; Ballardtni, 
R.; Gandolfi, M. T.; Venturi, M.; Balzani, V.; Stoddart, J. F. Chem. Ear. 
1 2004. 10, 155-172. (i) Flood, A. H.; Peters, A. J.; Vignon, S. A.; 
Steuerman. D. W.; Tseng, 11.-K.; Kang, S.; Heath, J. K.; Stoddart, J. F. 
Chem. Ear. J. 2004, 10, 6558-6564. (j) Tseng. H.-R.; Wu, 0. M.; Fang, 
N. X. L.; Zhang, X.; Stoddart, J. F. ChernPhvsChem 2004, 5. 111-116. 
(k) Steuerman, D. W.; Tseng, H.-R.; Peters, A. .1.; Flood. A. H.; Jeppesen, 
J. 0.: Nielsen, K. A.; Stoddasi, J. F.; Heath, J. K. Angew. C/tern.. in!. Ed. 
2004, 43. 6486-6491. (I) Jeppesen, J. 0.; Nygaard, S.; Vignon, S. A.; 
Stoddart, J. F. Ear. I Org. Chem. 2005, 196-220. 
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the past decade physicists have developed formal theoretical 

mechanisms, deeply rooted in nonequilibrium statistical me-

chanics, which explain how the directional transport of Brownian 

particles can occur from periodic changes in a potential energy 

surface (e.g., by applying an oscillating electric field). 2122  Many 

different possible types of these theoretical "Brownian ratchet" 

mechanisms have been suggested, including energy ratchets, 

information ratchets, flashing ratchets, tilting ratchets, and 

rocking ratchets. 22  These mechanisms have been successfully 

applied to the development of transport and separation devices 

for mesoscopic particles and macromolecules, microfluidic 

pumping, and quantum and electronic applications 2 .24  and have 

also been shown to successfully account for the general 

principles that govern the operation of complex biological 

motors. 24  However, to date it is not known how such 

theoretical mechanisms correlate with the changes that occur 

in molecular structure during the operation of biological 

machines. What do individual peptide fragments do in order to 

bring about transport of an ion or molecule by a Brownian 

ratchet mechanism and why? We wondered whether examining 

how these principles can be applied to some much less 

sophisticated (in terms of function as well as structure) synthetic 

molecular machines could tell us something about how they 

might apply to more complex systems, both artificial and natural. 

Statistical Balance of a Dynamically Exchangeable 
Substrate or Quantity (The Principle of Detailed 
Balance) 

If we ignore the normally small population of rings on the 

spacer, at equilibrium the macrocycle in a molecular shuttle can 

For examples of chemically responsive molecular shuttles see ref jib, 15h, 
151. and (a) Gong, C.; Gibson. H. W. Angew. C/tern., ml Ed Erg!. 1997, 
36, 2331-2333. (b) Gong. C. G.; Glass. T. F.; Gibson. H. W. Macromol-
ecules 1998, 31. 309-313. (c) Jiménez. M. C.; Dietrich-Buchecker, C.; 
Sauvage. i-P Angew. C/tern., In:. Ed. 2000, 39,3284-3287. itt) Lee, J. 
W.; Kim, K.: Kim. K. Chem. Commun. 2001. 1042 -1043. (e) Jimenez-
Molem. M. C.; Dietrich-Buchecker, C'.; Sauvage. J.-P. Chem. Eur. 1 2002, 
8. 1456-1466. (f) Da Ross. 1.: Guldi, B. M.; Farean Morales. A.; Leigh, 
D. A.: Prato. M.; Turco, R. Org. Len. 2003. 5.689-691. (g) Iseng, H.-
k.; Vignon, S. A.; Stoddart, J. F. Angew. C/tern., In!. Ed 2003, 42. 1491-
1495. (11) Laursen. B. W.; Nygaard, S.; Jeppesen, J. 0.; Stoddart, J. F. 
Org. Len. 2004. 6, 4167-4170. (i) Huang, T. J.; Tseng, H.-R.; Sha, L.; 
Lu, W. X.; Brough, B.; Flood, A. H.; Vu, B-B.; Celestre, P. C.; (hang. J. 
P.; Stoddart. J. F.; Ho, C.-M. Nano Lett. 2004, 4. 2065-2071. (ii Leigh. 
B. A.; Perez, F. M. Chem. Commun. 2004. 2262-2263. (k) Nargaard, K.; 
Laursen, B. W.; Nygaard, S.; Kjaer, K.; Tseng. ll.-R.. Flood. A. H.: 
Stoddart. 1. F.; Bjarnholm. T. Angew. Chem., In!. Ed. 2005, 44, 7035- 
7039. 
For examples of pH-responsive molecular shuttles see ref 15a and (a) 
Martinei-Diaz, M.-V.; Spencer, N.; Stoddart, J. F. Angew. Chem, tnt. Ed. 
Engl. 1997, 36, 1904-1907. (b) Ashton, P. It.; Raiiardini, It.; Baizani, V.; 
Baxter. I Ciedi, A.; Fyfe, M. C. T.; Gandolfi, M. 1.; 66mez-L4Spe7., M.; 
Martinez-Diaz, M.-V.; Pieranti, A.; Spencer. N.; Stoddart, J. F.; Venturi, 
M. White, A. J. P.; Williams, B. J. J. .4m. C/tern Soc. 1998. /20. 11932-
11942.(c)Elizamv,A.M.;Chiu,S.-H;Stoddart,JFJ Org. C/tern 2002. 
67,9175-9181. (d) Badjid, J. B.; BaImni, V.; Credi. A-; Silvi, S.; Stnddart, 
J. F. Science 2004,303. 1845-1849. (c) Keaveney. C. M.; Leigh, D. A. 
Angew. Chem.. In: Ed 2004, 43. 1222-1224. (f) Garaud/te. S.; Stivi, S.; 
Venturi, M.; Credi, A.; Flood. A. H.; Stoddart, J. F. ChernPhvc('hern. 2005. 
6,2145-2152. (g) Badji& J. B.: Ronconi, C. M.; Stoddart, J. F.: Balrani, 
V.; Silvi, S.; Credi, A. I Am. Chem. Soc. 2006, 128, 1489- 1499. 

(It)) For examples of molecular shuttles switched by alkali metal ;on 
cot Ix,  competitive binding, or allosteric regulation, see: (a) Vignon. S. A.; 

Jarrosson, T., lijima. T.; Tseng. 14.-It.; Sanders. J. K. M.; Stoddart, Jr F. J. 
Am. C/tern, Soc 2004. 126. 9884-9985. (b) lijima. T.; Vignon. S....Theng, 
H.'R.; Jarnssson, T.; Sanders, I. K. M.; Mazvhioni, F.; Venturi, M.: Apostolt, 
F.; Balzanu, V.; Stoddart, J. F. C/tern Eur. J. 2004. /0, 6375-6392. (c) 
Martin, B. S.; Gonzales Carbeexa. B.; Leigh, B. A.; Slawin, A. M. Z. Angew 
('hem., In. F4 2006, 45, 77-93. (d) Marlin. B. S.; Gonzalez Caibrera, 
0.: Leigh. U. A.; Slawin, A. M. 1 Angew. C/tern., In:, Ed 2006, 45.1385-
1390. 

(19) "Co-conformation" refers to the relative positions of the mechanically 
interlocked components with respect to each other, see; Fyfe, M. C. T.; 
Glink, P. T.. Menzer, S.: Stoddart, 3. F.; White, A. J. P.: Williams, B. J. 
Angew. C/tern., In!. Ed Engl. 1997, 36, 2068-2070, 

be considered to continuously fluctuate between the two stations. 

However, even for a molecular shuttle with two different 

stations, at equilibrium no net task can be performed by these 

movements. This is a consequence of the "Principle of Detailed 

Balance"; 26  at equilibrium transitions between any two states 

take place in either direction at the same rate so that no flux is 
generated. This rules out the maintenance of equilibria by cyclic 

(20) Stimuli-induced shuttling has been used to control a number of different 
properties. See: Fluorescence switching: (a) Perez, E. M.; Dryden, B. T. 
F.; Leigh, B. A.; Teobaldi, G.; Zerbetto, F. I Am. Chem. Soc. 2004, 126, 
12210-12211. (b) Wang. 0.-C.: Qu, 0.-H.; Ren. J.; ('hen. K.; Tian. H. 
Angew. Chem., In!. Ed. 2004, 43, 2661-2665. (c) Qu, 0.-H.; Wang, Q,-
C.; Ren, J.; Tian, H. Org. Lea. 2004, 6.2085-2088. (d) Qu, D.-H.; Wang, 
Q.-C.: Tian, H. Mo!. Crvsl. Liq. C'rvst. 2005, 430, 59-65. (e) Leigh. D. 
A.; Morales, M. A. F.; Perez, E. M.; Wong, I. K. V.; Saiz, C. G.; Slawin, 
A. M. Z.; Carmichael, A. 3.; Haddleton, D. M.; Brouwer. A. M.; Buma, 
W. .1.; Wurpel, G. W. H.; Leon. S.; Zerbetto, F. Angew. ('hem., In!. Ed 
2005, 44, 3062-3067. (1) Qu, D.-H.; Wang, 0.-C.; Tian, H. Angew. ('hem., 
In!. Ed 2005, 44, 5296-5299. (g) Qu, D.-H.; Wang, 0.-C.; Ma, X.; Tian. 
H. ('hem. Fur 1 2005, 11, 5929-5937. (h) Li, V.; Li, F').; Li, V.; Liu, H.; 
Wang, S.; He, X.; Wang, N.; Zhu, D. Org. Lett. 2005, 7. 4835-4838. (i) 
Onagi, H.; Rebek, J. Chem. Comrnun. 2005, 4604-4606. Expression of 
chiralitv; (j) Bottari, G.; Leigh, U. A.; Perez, F. M. I. Am. Chem. Sac-  
2003, 125. 13360-13361. Conductivity of solid-state electronic junctions: 
1k) Collier, C. P.; Mattersteig, G.; Wong, F. W.; Luo, Y.; Beverly. K.: 
Sanipaio, J.; Raymo, F. M.; Stoddart, J. F.; Heath, J. R. Science 2000, 
289, 1172-1175. (I) Collier, C. P.; Jeppesen, J. 0.; Luo, V.: Perkins, J.; 
Wong, E. W.; Heath, J. It.; Stoddart. J. F. I Am. ('hem. Soc. 2001. 123. 
12632-12641. (m) Luo, V.; Collier, C. P.; Jeppesen, J. 0.; Nielsen, K. 
A.; Delonno, F.; Ho, G.; Perkins, J.; Tseng, H.-R.; Yamamoto, T.; Stoddart. 
J. F.; Heath, J. R. ('hemPht.s('hern 2002, 3, 519-525, (n) Diehl, M. It.; 
Steucrman, B. W.; Tseng, H.-R.; Vignon. S. A.; Star, A.; Celestre, P. C.; 
Stoddart, J. F.; Heath, J. R. ChemPht'sChem 2003, 4, 1335-1339. 
Conductivity at electrode interfaces: (o) Willner. I.; Pardo-Yissar, V.: Katz, 
F..; Ranjit, K. T.1 E/eciroana/. Chem. 2001, 497. 172-177. (p) Sheeney-
Haj-lchia, L.; Willner, I. I Phi's. Chem. II 2002, 106, 13094-13097. (q) 
Katz, E.; Sheeney-Haj-Ichia, L.: Willner, I. Angew. Chem., In!. Ed. 2004, 
43, 3292-3300. (r) Katz, F.; Lioubashevsky, 0.; Willner, I. I Am. Chem. 
Soc. 2004, 126, 15520-15532. Exertion of a mechanical force on a 
macroscopic object: (5) Huang. T. J.; Brough, B.; Ho, C.-M.; Liu, V.: Flood, 
A. H.; Bonvallel, P. A.; Tseng, H.-R.: Stoddart. J. F.; BaIler, M.; Magonov, 
S. App/. Phvs. Len. 2004, 85, 5391 -5393. (1) Liu. Y.; Flood, A. H.; 
Honvallet, P....'  Vignon, S. A.; Northrop, B. H.; Tseng. H.-R.: Jeppesen, 
J. 0.; Huang, T. 3.; Brough, B.: Italler, M.; Magonov. S.: Solares, S. 0.; 
Goddard, W. A.; Ho, C.-M.; Stoddart, J. F. J. Am. ('hem. Soc. 2005, 127, 
9745-9759. Access to a nanopore: (U) Nguyen. T. B.; Tseng, H-It.: 
Celestre, P. C.; Flood, A. H.: Liu, Y.: StoddatI, J. F.: Zink, J. I. Proc. 
Nail. Acad. Sri. USA 2005, 102, 10029-10034. Surface wettabilily: ref 
20r and (v) Berná,J.; Leigh, B. A.: Lubomska, M.: Mendoza, S. M.: Perez. 
F. M.; Rudolf, P.; Teobaldi. G.; Zerbetto, F. Nat, Mater. 2005, 4, 704-
710. The latter also demonstrates the macroscopic transport of a droplet of 
liquid across a surface using stimuli-responsive molecular shuttles. 
For an introduction to Brownian motors see: (a) Astumian, R. D. Sri. Am. 
2001. 285(1). 56-64. (b) Astumian. R. D.: Hanggi, P. Phi's. Today 2002, 
.55(11). 33-39. 
For reviews of Brownian ratchet mechanisms see: (a) Hanggi. P.: Bartussek. 
R. In Nonlinear Phv.sic.c of Comp/ez Systems - Current Status and Future 
Trend,. Parisi. .1., M011er, S. C., Zimmermann. W., Eds.: Lecture Notes in 
Physics. Vol. 476; Springer: Berlin, 1906; pp 294-308. (h) Astumian, R. 
D. Science 1997, 276, 917-922. (c) Julicher. F.; Ajdari. A.: Prost, J. Rev. 
Mod P/tvs. 1997, 69, 1269-1281. (d) Special issue on The constructive 
role o/'noiw in fluctuation driven transport and stochastic resonance. Chaos 
1998. 8, 533-664. (c) Reimann, P. Phvx Rep. 2002, 361, 57-265. (f) 
Reimann, P.; Hanggi, P. App!. Phi's. .4 2002. 75, 169-178. (g) Parrondo. 
J. M. It.; Be Cisneros, B. 3. AppI. Phv, 4 2002, 75, 179-191. (h) Gabrys. 
B. J.: Pear, K.; Bartkiewicz. S J. Phis1(0.4 2004,336, 112-122. (I) Linke. 
H.; Downion. M. T. Zuckerniann, M. J. L'Iwos 2065, 15, 026111. 
(a) Rousselet, J.; Salome. L.; Ajdari, A.; Prost, 3 ,Vaturt' 1994, 370, 446-
448. (h) Faucheux, L. P.; Bourdieu. L. S.; Kaplan, P. I).; Libchaber, A. J. 
Phi's. Rev. Lett. 1995, 74,  1504-1507. (c) Bader. J. S.; Hammond, R. W.; 
Henck, S. A.; Deem, M. W, -. McDermott, C. A.: Bustillo. J. M.; Simpson, 
J. W.; Mulbern, G. T.: Rothberg, J. M. Proc. Nail. .4cad Vri. USA. 1999, 
96, 13165- 13169, (d) Linke. H.; Humphrey. T. F.; Lofgren, A,: Sushkov. 
A. 0.; Newbury, It.; Taylor, It P.; Omling, P. Science 1999, 286. 2314- 
2317. e) Matthias, S.; Muller, F. Nature 2003.424, 53-57, 
Linke. H., Ed, Special issue on Ratchets and Brown/an molars. Barter, 
experiments and applications. App! Phi'.c .4 2002, 75, 167-352. 
(a) Astumian, R. 0.; Bier, M. 8/op/tx's. J 1996. 70, 637-653. (hi) Astumian, 
R. B.; Der6nyi. I. Fur. Biophvs../. 1998. 27, 474-489. (C) Lipowsky. R. 
In Stochastic Prnee.xcec in Phvsks. C"h,'mistrv and Biology; Freund. J. A., 
Pöchel. T., Fda.; Lecture Notes in Physics, Vol. 557; Springer: Berlin, 
2000; pp  21-31, (d) Husiamante, C.; Keller. B.: Osier. G. Ace. ('hem. 
Rev. 2001.34,412-420. (e) Astumian. R. B. .'fpp/. Phi's. A 2002, 75, 03-
206. If) Mogilner, A.; Oster, G. ('urr Biol. 2003, 13. R721-R733. (g) 
Oster. C.. Wang, H. V. Trends Cell Rio!. 2003. 13. 114-121. (h) Kurzynski. 
M.; Chelminiak, P. Phvcico .4 2004, 336, 123-132. 
Onsager. L. Phi's. Re,'. 1931.37. 405-426 
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Description of E-1 and Z-1 in covalent, thermodynamic, and statistical terms, assuming a 90:10 distribution of translational isomers in each olefin 
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olefin diastercomers (sec (a)) contributing to the mixture. The population trace shows the overall distribution of the substrate over the machine. 

processes such as A - B - C - A rather than AB + BC 
+ CA (ref 21b) and is a formal indication that a machine 
such as Smoluchowski's Trapdoor (Figure Id) cannot operate 
(at least not in the way originally envisaged). However, in 
an out-of-equilibrium system, detailed balance is broken and 
as the system moves spontaneously toward equilibrium net 

work can be done by the fluxional exchange process. It is well-
established that breaking detailed balance is a requirement 
for doing work with stochastic transport systems. 22  How-

ever, we recently pointed out that detailed balance could 
be considered to result from two separate properties of a 

system; 8d  the statistical distribution of a quantity (an imbalance 

4062 J. AM. CHEM. SOC. • VOL. 126. NO. 12. 2006 

in which provides the thermodynamic impetus for net transport) 
and the ability of that quantity to be dynamically exchanged 
(which provides the communication necessary for transport to 
occur). It is no coincidence that all four of the Gedankenm-
aschinen shown in Figure 1 disconnect the compartments at 
various stages during their operation in order to try and achieve 
net particle transportation. The molecular examples in this paper 
(vide infra) show that the deconvolution of the statistical 
"balance" and the "linkage" of compartments is useful for 
establishing the phenomenological nature of ratcheting and 
escapement (the counterpart to ratcheting) in Brownian transport 

processes. 
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RiSiO— is a silyl ether that is too bulky to allow macrocycle exchange between the succinamide stations. 

Systematic Behavior of Some Simple Molecular 
Machines 

Let us consider how a stimuli-responsive rotaxane such as I 

(Scheme 1) performs the mechanical task of changing the 

average position of the ring along the thread. So that we can 

clearly see how the system evolves as this task is performed, 

we will represent it at each stage (Scheme 2) in terms of the 

covalent structure of the machine, that is, the thread (chemical 

status), the average potential energy surface (physical status of 

the machine, governed by noncovalent interactions —attractive 

forces between machine and substrate such as I-I-bonding, and 

repulsive forces such as steric barriers), and the statistical 

distribution of the substrate being transported (the macrocycle). 

In these types of schemes, which we shall call "machine-

performance representations", we will use bold numbers to show 

different systems (1. 2, 3... etc.) and lettered suffixes to 

differentiate states of the system (IA. lB. IC.... etc.). In Scheme 

2 we assume the photostationary state is 50:50 E:Z and that the 

preferred ratio of occupancy between fumaramide (green) and 

succinaniide (orange) stations is 90:10 and between maleamide 

(dark blue) and succinamide 10:90. 

The initial state of the system (IA) is statistically balanced. 

The average position of the macrocycle (from the Boltzmann 

distribution) is very close to the green station. A photonic 

stimulus ("balance-breaking stimulus") causes isomerization of 

some of the olefins from E to Z. putting the position of the 

macrocycle in the molecules that are isomerized momentarily 

out of equilibrium (I B, similarly ID). The system acts to restore 

balance through biased Brownian motion of the macrocycles 

and we arrive at the final state. IC. The change in state between 

I  and IC (and also between ID and IA) is not triggered 

externally: rather it is a thermally activated relaxation step in 

which the average position of the macrocycle (given by the 

Boltzmann distributions within the olefin isomers multiplied by 

their contribution to the photostationary state) moves along the 

thread toward the orange station. Note, however, that the 

machine—'the thread—cannot use the energy from the photon 

to perform the transportation task in such a way that the position 

of the substrate becomes independent of the state of the machine: 

applying a second stimulus to reset the machine (e.g., adding 

piperidine to reform the E-olefin of the thread) undoes the net 

displacement of the macrocycle (IC -• 1A). 

Now let us consider a new type of rotaxane system, 2, in 

which a stimuli-induced change of position of the macrecycle 

also occurs but through a clearly different mechanism to the 

previous shuttle (Scheme 3). In 2 the two stations are structurally 

identical (but distinguishable—note the differently depicted 

stoppers) and a bulky group acts as a barrier which prevents 

the ring from moving between them. If we start with 100% of 
the rings on the first station, succl-2,27  and then remove the 

barrier, the system moves toward equilibrium, causing an 

average displacement of the macrocycle of half the distance 

separating the two stations. 

Again, we can see how this system evolves more clearly using 

a "machine-performance representation" (Scheme 4). Unlike 

system I. machine—substrate system 2 starts out statistically 

unbalanced (2A). The stimulus required is also different from 

that used in the first system: a "linking stimulus" lowers the 

barrier between the two stations (28), allowing the system to 

fulfill the impetus to restore balance and move to equilibrium 

by biased Brownian motion of the macrecycle (2C, note that 

the energy well-depths of the two stations are the same; the 

macrocycle is not held more tightly by the station it moves to). 

Raising the barrier by applying an "unlinking stimulus" resets 

the machine—the thread—but this time the task it has performed 

is not undone (2D). However, we note that if we try applying 

the linking stimulus again after the machine is reset, the machine 

does not change the average position of the macrocycle because 

the system is already statistically balanced (Scheme 4). 

This stimuli-induced irreversible net change of position of 

the macrecycle represents a new type of molecular shuttle in 

phenomenological terms and so we prepared an experimental 

example. 3, in single translational isomer form (succl-3) 
according to Scheme 5. The unoccupied thread. 4, was also 

synthesized as a comparison for 'H NMR purposes. To be able 

to distinguish between the two succinamide stations through 

1 H NMR spectroscopy but still keep them similar in terms of 

macrocycle binding affinity, the terminal right-hand side (as 

depicted in Scheme 5) amide group was derivatized with a 

(27) The nomenclature used to denote individual motaxane configurational and 
translational isomers follows conventions introduced in previous papers 
(e.g.. ref 8d). Namely, a bolded compound number refers to a given 
structural formula irrespective of functional group configuration or position 
of the macrocycle: a prefix E or Zdescribes the configuration of the olefin; 
a prefix succi, .tucc2. [urn, or real denotes the position of the macrocvcle 
in a particular translational isomer.  
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Note that repeating the cycle of chemical reactions would not change the distribution of the macrocyck for a second time. 

phenyl group. Aryl-substituted tertiary amides preferentially 

adopt an anti-arrangement of the alkyl groups so there is no 

complication with slowly interconverting rotamers in the H 

NMR spectra.29  (Tertiary aryl-substituted fumaramide groups 

are excellent templates for benzylic amide macrocycle rotaxane 

formation 30) A 4-picolyl fragment provides the necessary bulk 

for the rest of the stopper. 

ltai, A., Tonumi, Y., Saito, S.; Kagechika, H.; Shudo, K. J. Am. Chem. 
Sac. 1"2, 114, 10649- 10650. 
Note that there is no indication of multiple tertiary amide rotamers in the 
'H NMR spectrum of 4 (Figure 2a). For example, only one signal is 
observed for H q  

4064 J. AM. CHEM. SOC. • VOL 128, NO. 12, 2006 

The synthetic route to succl-3 is worthy of some comment. 

The "gated" spacer that separates the two stations was prepared 

by double alkylation (orthogonal amine protecting groups) and 

subsequent K.rapcho decarboxylation 3 ' of dimethyl malonate 

(Scheme 5, i—v). A fumaramide group was then attached, both 

to maximize the yield of rotaxane formation (step viii, 68%) 

and to provide a common route for the synthesis of fum-E-5 

(vide infra). Unmasking of the Fmoc-protected amine, followed 

by coupling with a succinic acid derivative (step ix), was 

Leigh, D. A.; Nash, P. J. Manuscript in preparation. 
(a) Krapeho. A. P. Synthesis 1982, 805-822. (b) Krapcho, A. P. Synthesis 
1982, 893-914. 
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Scheme 5. Synthesis of Single Translational Isomer [2]Rotaxanes 
succl-3 and ft,m-E-5 and the Corresponding Threads, 4 and E-6 

5W-Me 

i.v 	H 	H  

Scheme 6. Chemical Representation of the Irreversible Net 
Translocation of the Macrocycle that Occurs through the 
Transformation succl-3 - lsucc2-3 ± succl-3j (50:50 + 2 8  

100% succl-3 	
"' 	 succl-3; 50% succ2-3 

_J, 
N 

° Reaction conditions (unless otherwise stated, reactions were carried 
out at room temperature): (i) a. NaH, TI-IF, 0 °C to rt, I h; b. Bu4N1, 
W-benzyloxycarbonyl-5-bromo- I -pentylaniine. THE reflux. 12 h. 88%. (ii) 
a. Nail, TI-IF. 0 °C to it, I h: b. Bu4NI. N-allyloxycarbonyl-5-bromo-l-
pentylamine. THF. reflux, 12 h, 58%. (iii) L1CI. DMSO. H20, 160 'C, 4 h, 
66%. (iv) Diisobutylaluminum hydride (I M in toluene). THF. —78 'C, 4 
It, 68%. (v) a. PhSiH3. Pd(PPh3)4, CH2Cl2, 45 mm; b. fluorenylmethylchlo-
roformate (Fmoc-Cl). Et,N. 0°C. 30 mm. 56%. (vi) a. H. 10% Pd) C. 
MCI (I M in Et20), McOH. I atm. 1 11; b. (E)-3-(2.2-diphenylethylcarbam-
oyl)-acrylic acid, I -[3-dimethylaminopropyl]-3-ethylcarbodiimide hydro-
chloride (EDCIHCI), I-hydroxybenzotriazole hydrate (HOBt4I7O), Et3N. 
CH2Cl2, 0 'C to M2 h, 60%. (vii) tert-Butyldimethylsilyl chloride 
(TBDMSCI), imidazole, 44dimethylamino)pyridinc (DMAP), 01202. I 
h, 63%. (viii) p-Xylylenediamine, isophthaloyl dichloride, Et3N. CHCI3, 3 
h, 681,'6 (ix)a. Piperidine, T}{F:CH3CN (1:3), 2.5 h: b. 4-oxo-4-(phenyl(py-
ridin4-ylmethyl)amino)butanoic acid, EDCI'HC[, HOBt'+120, Et3N, CH202, 
0 'C to ii, 14 h, 471/6 (E-6). 48% (/lim-E-S). (x) H2, 10% Pd/C, TI-if. I 
atm. 6 h. 901/6 (4). 90% (succl-3). Full experimental procedures can be 
found in the Supporting Information. 

followed by hydrogenation (step x) of the fumaramide moiety. 

Perhaps surprisingly, the macrocycle appears to offer no 

significant protection to the thread functionality in this step, 32 

which readily affords the two station rota.xane, 3, as a single 

translational isomer. succI-3 (however, careful solvent selection 

is necessary to avoid cleavage of the silyl ether 33 ). 

The system functions (Scheme 6) as predicted in Scheme 4. 

De-silylation of succl-3 (Scheme 6, step i) followed by 

re-silylation (step ii) afforded a -1:1 mixture of the two 

translational isomers of 3. Note, because succl-3 and succ2-3 

are not in equilibrium with each other, unlikefrm-E-1 and succ- 

Parham. A. H.; Wind,sch. B.; VOgtIe. F. Eur. J Org. Chem. 1999, 1233 
1238. 
Sajiki. H.: Ikawa, 1.: Hattori, K.: Hirota. K. ('hem. Commun. 2003.654-
655, 

Reaction conditions: (I) 80 1/o aqueous acetic acid, 60 'C. I h. (ii) 
TBDMSCI, imidazole, DMAP, CH2Cl2, It, I h. 

E-1 for example (Scheme I), the translational isomers of 3 are 

actually diastereoisomers.'° The 'H NMR spectra of the machine 

in the absence of the substrate (i.e., the free thread, Figure 2a), 

the machine-substrate ensemble in its initial state (Figure 2b), 

and after application of the linking and unlinking stimuli (Figure 

2c) are shown in Figure 2. 

Again, let us consider what the mechanism of operation of 

the machine is: The stimuli applied to 3 switch "on" and "off" 

whether the stations are able to exchange the macrocycle or 

not. Linking of two parts of the machine which interact with 

the substrate allows the system to move toward equilibrium, 

that is, toward a statistically balanced state. This is a molecular-

level form of "escapement", the element of the mechanism that 

controls the release of potential energy to drive mechanical 

motion in clocks and other macroscopic mechanical devices. 34  

Let us combine the features of the first two rotaxanes, I and 

3, to invent a third type of molecular machine system. 5, and 

see how it functions. Rotaxane 5 was synthesized as a single 

configurational and translational isomer, fum-E-5, along with 

the corresponding thread E-6, according to Scheme 5. The 

reaction profile of this rotaxane is outlined in Scheme 7 in 

standard chemical terms and its performance as a machine-

substrate ensemble is shown in Scheme 8. 

The xylylene rings of the macrocycle shield the regions of 

the thread that they encapsulate and the resulting shifts in the 

I  NMR spectra are diagnostic of the position of the macrocycle 

on the thread. Ili Thus, the operation of the machine and its effect 

on the substrate can be followed by 1 1-I NMR spectroscopy 

(Figure 3). In particular, it is instructive to observe the change 

in intensity of the unoccupied fumaramide station protons H, 

and H e  (H.j and H in E-6) during the operation of the machine. 

In the free thread they appear as a pair of doublets at 6.86 and 

(a) Britten, F. J. Etcapements.- Their Actions Consrtuctions and Proportion: 
Arlington Book Co: U.S.A.. 1985. (b) Gazeley. W. J. Clock and Watch 
Escapements: Robert I-tale & Co.: 1999 
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Figure 2. 'II NMR spectra (400 MHz, CDCI3, 298 K) of (a) free thread 4, (b) succl-3, and (c) mixture of translational isomers succi-3 and succ2-3 after 

the two-step operation (Scheme 6, (I) and (ii)). Integration shows the succ1-3.succ2-3 ratio in (c) is 50:50 (±20/6). The 'H NMR assignments and coloring 

correspond to the labeling in Schemes 5 and 6. Residual water peaks are shown in gray. 

7.02 ppm (Figure 3a); they are absent in the spectrum of pure 
Am-E-5 (Figure 3b); in the statistically balanced (unlinked) 
system (Figure 3c) they account for '-15% of the overall 
population; in the final ratcheted system (Figure 3d) they are 
—56% of the reaction mixture. 

So, in Scheme 8, the two parts of the machine start out (SA) 
statistically balanced (85% of the macrocycles on the fumara-
mide station; 15% on the succinamide station) and unlinked 
(and therefore not in equilibrium). A balance-breaking stimulus 
(ho at 312 nm,35  which generates a 49:51 ±2% E:Zphotosta-
tionary state by 'H NMR, not shown) is applied, giving SB. 
Removal of the barrier ("linking stimulus"; 80% aqueous acetic 
acid) gives SC and allows balance to be restored through moving 
to equilibrium by biased Brownian motion of the ring (511)). 
Restoring the barrier ("unlinking stimulus"; TBDMSCI, base) 
makes the system (SE) unlinked and not in equilibrium, although 
statistically balanced. The resetting step (a different balance-
breaking stimulus; catalytic piperidine, to promote the Z E 
olefin isomerization) makes the system statistically unbalanced, 
unlinked, and not in equilibrium (5F). 

After the operational cycle of the machine (i.e., 5F) the 
unoccupied fumaramide station protons Hi and H, ,  account for 
-'-56% of the reaction mixture (Figure 3d) . 36  Given that the 
photostationary state from irradiation of E-5 at 312 nm is 49: 
51 ±2% E:Z, and that the statistically balanced distribution of 

Some degradation of roiasane S occurs upon irradiation at 254 rim; however, 
at 312 nm no degradation or side reactions are apparent and the 
phoiostationaiy state is 49:51 ± 2 E:Z by 'I-I NMR spectroscopy. 
Note how the chemical shifts of some of the protons (e.g., H d  and It) in 
/um-E-5 change among Figures 3b, 3c, and 3d, illustrating the sensitivity 
of the H-bonding between the macrocycle and thread to factors such as 
moisture, concentration, and possibly, impurities. 
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the macrocycle is 85:15 between the fum and succ stations of 
E-5 (Figure 3c), the final 44:56J1im-E-5:succ-E-5 ratio indicates 
that the equilibrium distribution of translational isomers between 
the mal and succ stations in the de-silylated (linked) derivative 
of Z-5 is '-5:95 in CH 202  at room temperature. 37  The 
transportation of the macrocycle in S is repeatedly reversible 
between the statistically balanced 85:15 and statistically unbal-
anced 44:56 ratios of Jiim-E-S to succ-E-5. 35  

The thread has therefore successfully performed the task of 
directionally changing the net position of the macrocycleand 
since the succinamide station binds the macrocycle more weakly 
than the fumaramide station, the thread has moved the macro-
cycle energetically uphill! —and the machine, the thread, has 
returned to its initial state. We recognize this behavior as 
"ratcheting", a characteristic of the operating mechanism of 
many biological molecular machines. For the first time, we have 
a molecular shuttle which is more sophisticated in terms of task 
performance than a simple mechanical switch. The compart-
mentalized machine achieves this result by applying four 
different stimuli which govern in turn the thermodynamics and 
the kinetics for transport between the two stations: balance-
breaking 1; linking; unlinking; balance-breaking 2 (resetting —of 
the machine, not the substrate). 39  

This calculation assumes that both translational isomers of de-silylated Z-5 
are re-silylated at the same rate. If this is not true, if the position of the 
macrucycle on a station affects the rate of the unlinking reaction, then it is 
possible to produce a nonbalanced distribution of the macrocycle through 
just controlling kinetic energy barriers with the position of the ring —an 
"information ratchet" (ref 25b). 
The pure single translational isomerJlim-E-5 cannot be regenerated by the 
operation of the machine but it can be separated from the reaction mixture 
at any stage using standard purification protocols. 
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Scheme 7. Chemical Representation of the Operation of Machine—Substrate System 5 

1 10% fum-E-6 

or 

I IV 
or \ 

15% SUCCE15j 	 J 44% fum-E-5; 56%succEj 

' Reaction conditions: (i) 80 0/6 aqueous acetic acid. 60 °C. I It (ii) hv at 312 not (5 x 5 min irradiation). 35  CH20. it (iii) TEDMSCI. imidazole, DMAP, 
CH2Cl2, It, I h. (iv) Piperidine. CH2C12, rI, 12 h. quantitative. 

Through its operation in Scheme 7/8. rotaxane 5 estab-

lishes a thermodynamically unfavorable concentration grad-

ient of the macrocycle between the compartments. This is 

the function envisaged for the thought-machine pressure de-

mons shown in Figures lb and Id, albeit featuring many 

machines each acting on one Brownian particle in the case of 

the rotaxane rather than a single machine acting on many 

Brownian particles. However, the way in which 5 achieves 

this result is very different from either Gedankenmaschine 

design. During the operation of 5 the Brownian particle's 

position does not determine when or whether the linking 

stimulus is applied. This would require the communication of 

information regarding the particle's position to the machine, 
which is possible but would correspond to an "information 
ratchet"25h mechanism. Rather the rotaxane machine carries out 

its operations independent of the position of the particle by 

varying the potential energy surface minima as well as maxima 

in a partial so-called "energy ratchet"21b  mechanism (Figure 
4). 

(39) Slatting from state SA, the linking and initial balance-breaking stimuli can 
be applied in either order tor simultaneously) in Scheme S for the task to 
be performed by the machine on the substrate. i.e., net transport of the 
macrocycle along the thread. In fact, any orthogonal transformations that 
transpire between two unlinking operations are commutative. Indeed, in a 
classic energy ratchet mechanism (ret' 25b) —say using an oscillating electric 
field to directionally transport a charged particle —the linking'untmking 
and balance-breaking steps happen simultaneously which, of course, would 
have exactly the same effect as doing them sequentially as envisaged in 
Scheme S. Balance-breaking and linking/unlinking steps also occur 
simultaneously during the operation of molecular shuttles containing 
cyclodextrins incorporated onto azobenzene or stilbene threads (refs I 3d. 
l3i. III. 13n, 20b. 20c, 20d, 20f and 20g). 

As mechanical work is done by its operation, is it correct to 

categorize 5 as a molecular motor? No. Although the machine 

component of 5 acts to transport a substrate energetically uphill 

and can be reset without undoing the work done on the substrate, 

it cannot do so repetitively—a key requirement of a motor —be-
cause the succinamide compartment cannot be emptied of the 

ratcheted substrate. The escapement of the ratcheted quantity 

is the missing element required for 5 to operate for a second 

time without undoing the previously performed task by the 

action of resetting the machine. 40  This feature is present in a 
previously reported" [2]catenane, 7, in which the larger 

macrecycle acts as a motor that repetitively transports the small 

macrocycle directionally around itself according to a cyclic 

reaction scheme (Scheme 9). As with 5. the olefin isomerization 

reactions in Scheme 9 are balance-breaking steps (depending 

on where one Starts in the scheme, either can be considered to 

reset the machine): the manipulation of the trityl and silyl 

protecting groups are pairs of linking—unlinking steps which 

determine the pathway through which escapement of the 

ratcheted substrate occurs. Thus, the molecular machine in 

Scheme 9 operates by the following sequence: [balance-

breaking I; escapement (pathway A): ratcheting; balance-

breaking 2 (reset machine): escapement (pathway B): ratchet-
ing],,. 

(40) Although escapement occurs during the operation of 5, it is not escapement 
of a quantity that had been previously ratcheted by the operation of the 
motor. Prior to escapement, the macrocycles located on the olefin station 
in Shave only been statistically unbalanced by the action of the motor, not 
ratcheted 
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Description offim-E-5 and mal-Z-5 in covalent, thermodynamic, and statistical terms. "Machine-performance representation" of a compartmentalized 
molecular machine that can transport a substrate energetically uphill and be reset without undoing the task. 5A: Initially balanced and unlinked. 58: Unbalanced 
and unlinked. SC: Unbalanced and linked (detailed balance is broken). SD: Balanced and linked. SE: Balanced and unlinked. SF: Unbalanced and unlinked. 

Note the chemical structure of the thread in SF is identical to that in 5A the machine has been reset —but the population distribution of the macrocycle 

has changed. The machine has successfully utilized the energy of the photon, via the olefin isomerization reactions, to do the work required to transport the 
substrate energetically uphill. The stimuli correspond to the reaction conditions given in Scheme 7. 

	

Although rotaxane 5 does not fulfill the requirements for a 	Significantly, examining the state of the machine (the rotaxane 

	

motor, neither is it a simple switch since the machine part can 	thread) in 5 does not provide information regarding the state 

	

be reset without influencing the distribution of the substrate. 	(distribution) of the substrate. It is only from the history of the 
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Figure 3. 'H NMR spectra (400 MHz. CDCI3, 298 K)of(a) free thread E-6. (b)fiim-E-5. (c) statistically balanced E-5, the 85:15 mixture of ficm-E-5 and 
svcc-E-5 that results from desilylation/resilylation of flim-E-5 (Scheme 7. (I) and (iii)). and (d) 44:56 (+2%) mixture of jlim-E-5 and succ-E-5 that results 
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Figure 4. The operation of machine–substrate 5 in Schemes 7 or S is the experimental realization (albeit nonadiabatic) of the transportation task required 
of Smoluchowski's Trapdoor' (Figure Id) and Maxwell's Pressure Demon' (Figure Ib). The mechanistic equivalent of the illu.strations from Figure I is 
shown above. The colors of the compartments, particles, and door are the same as the corresponding elements of 5. The initially balanced (in proportion to 
the sizes of the two compartments) distribution of the Brownian particles between the left (1) and right (R) compartments becomes statistically unbalanced 
by a change in volume of the left-hand compartment. Opening the door allows the particles to redistribute themselves according to the new size ratio of the 
compartments. Closing the door ratchets the new distribution of particles. Restoring the left-hand compartment to its original size then results in a concentration 

gradient of the Brownian particles across the two compartments. There is no role for an information-gathering demon in this mechanism. 

machine's operations that the distribution of the substrate can 

be known; in other words, the net position of the macrocycle 

in rotaxane S is a consequence of a form of sequential logic. 

This type of logic is different from that utilired in most of the 

Boolean logic chemical systems investigated to date, which 

feature combinational logic (the outputs are solely a function 

of the inputs at that moment in time)." In fact, the behavior 

of 5 is characteristic of a two-state (one bit) memory or "flip-

flop" component in electronics. 42  A flip-flop maintains its effect 

on a system indefinitely until an input pulse operates on it. 

causing its output to change to a new indefinitely stable state 

according to defined rules . 43  Different variants include T-. S-R-, 

i-K-. and D-type flip-flops. We suggest that a molecule such 

as 5 should be termed a "two-state" Brownian flip-flop be- 

cause the substrate must exist in one of two compartments 

(41) Combinational logic circuits (NAND. NOR, OR, XOR, EOR_ two- and 
three-input [NH, etc.) are assembled by connecting combinations of AND. 
NOT, and OR gates in various ways. These, in turn, are assembled by 
connecting simple "on -- -off' switches in various ways. See: (a) Ben-
An, M. Mathematical Logic for Computer Science; Prentice-Flail: Hemel 
Hempstead, 1993. For reviews on molecular-scale combinational logic 
systems see: (b) Raymo. F. M. Adv. Maser. 2002. /4 401-414 and I c)de 
Silva, A. P.; McClenaghari, N. D. Chem. Eur. J. 2004, 10, 574-586. For 
the sequential operation of combinational logic gates see (d) de Silva. A. 
P.; Dixon. I. M.; Gunacatne. H. Q. N.; (iunnlaugsson, T.; Maxwell, P. R. 
S.; Rice, T. E. J. Am. Chem. Soc. 1999. 121, 1393-1394 and (e) Raymo, 
F. M.; Giordani. S. Org, LeSt. 2001. 3, 3475-3478. 
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in each molecule. However, there is an important difference 

that arises because of the statistical nature of a two-state 

Brownian flip-flop compared to the digital nature of its 

electronic counterpart. if we wish to utilize the effect of many 

molecules of 5 on a system, the operation of the flip-flop can 

vary the bulk population distribution of the substrate between 

the two compartments over a continuum from 85:15 to 44:56 
fiim:succ by modifying the balance-breaking reaction parameters 

(e.g., by changing the time for which the photoisomerization 

stimulus is applied). If, on the other hand, we use a single 

molecule of 5 to influence a system, its effect is strictly 

binary—the molecule is in one state or the other—with theJlim: 

succ ratios corresponding to the probability that the substrate 

will be in a particular compartment given the history of the 

inputs. In contrast, an electronic flip-flop is always utilized as 

a single entity in a circuit and its effect is therefore always 

binary. 

Language Necessary To Describe the Operation and 
Mechanisms of Molecular-Level Mechanical Machines 

Up to now the categorilatlon of molecules as machines by 

chemists has largely been iconic—the structures look" like 

pieces of machinery—or they are so-called because they carried 

out a function that in the macroscopic world would require a 

(a) Malvino, A. P.; Brown, J. A. Digital Computer Electronics, 3rd ed.; 
Glencoe: Lake Forest, 1993. (b) Mitchell, R. J. Microprocessor Systems: 
An introduction; Macmillan: London, 1995. 
A series of stimuli-responsive molecular shuttles have been shown to exhibit 
relatively long-lived nonequilibrium ("metastable") states when operating 
in self-assembled monolayets or a polymer electrolyte or at low temper-
attires (see refs 15i. 15j. and 15k)- This may account for the junction 
hysteresis observed in solid-state electronic devices that utilize such 
rotaxanes (refs 20k—n). Kinetically stable nonequalibnum co-conformations 
have also been observed in cyctodextrin-based shuttles; see refs 131 and 
l6d. 
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machine to perform it) However, as function and mechanism 

replace imagery as the driving force behind advances in this 

field, the use of language needs to become more phenomeno-

logically based. For this reason, on the basis of the systems 

described in this paper and those developed previously by 

ourselves, Kelly, Feringa. Stoddart and o thers ,$.1 0 13 1 8 we 

suggest below definitions for four significant phenomenological 

terms (ratcheting, escapement, balance, and linkage) that are 

crucial for machines that operate by controlled Brownian motion. 

Ratcheting is an often used, but previously ill-defined, process 

in chemical terms. Unfortunately, this vagueness has led to the 

term sometimes being applied to describe phenomena that are 

unrelated to Brownian ratchet mechanisms. Escapement is the 

counterpart to ratcheting and, as far as we are aware, has only 

rarely been used to describe molecular-level events. The 

statistical balance of a dynamic substrate and whether the parts 

of the machine acting on the substrate allow exchange of the 

substrate or not appear to be key factors that determine whether 

the machine can perform a task or not. In fact, it appears that 

the behavior of a molecular machine toward a substrate can be 

defined by the changing relationship (linked/unlinked; balanced/ 

unbalanced) between the parts of machine interacting with the 

substrate. 

(i) 'Ratcheting" is the capturing of a positional displacement 

of a substrate through the imposition of a kinetic energy barrier 

which prevents the displacement being reversed when the 

thermodynamic driving force is removed. The key feature of 

ratcheting is that the ratcheted part of the system is not linked 

with (i.e., not allowed to exchange the substrate with) any part 

of the system that it is ratcheted from. Ratcheting is a crucial 

requirement for allowing a Brownian machine to be reset 

without undoing the task it has performed. An example of 
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Figure 5. Schematic representations of some already realized (a—c(i)) and possible (c(ii), d) types of multicompartment molecular-level machines. (a) A 
two-state Brownian switch. (b) A two-state Brownian memory or flip-flop (shown operating through a partial energy ratchet mechanism: other mechanisms 
are also possible to achieve the same machine function). (c) Examples of Brownian motors: (i) a two-stroke rotary motor; (ii) a three-compartment translational 
motor. (d) Compartmentalized molecular-level machines that combine ratcheting and escapement with Boolean logic operations: (i) a four-compartment 
Brownian machine that pumps a substrate in a given (variable) direction. Deciding which one of the red or green gates is used for ratcheting determines 
whether the substrate is transported to the top compartment or the bottom. (ii) A four-compartment Brownian machine that sorts and separates different ions 
(e.g.. red = Na: blue = K'). A logic operation providing selective access through each of the red and green gates ensures one type of ion is pumped into 
each compartment. 

ratcheting is the unlinking step SD - SE in Scheme 8. Because 

it is used to kinetically stabilize an ultimately thermodynamically 

unfavorable state, ratcheting is intrinsically associated with a 

sequential logic sequence applied to a Brownian substrate. 

"Escapement" is the (directional) release of a ratcheted 

substrate in a statistically unbalanced system by lowering a 

kinetic energy barrier (i.e., by linking). The key feature of 

escapement is that it requires the linking of two unbalanced 

parts of a system that were previously unlinked. An escapement 

step must be subsequently ratcheted in order for a machine to 

be able to do work repetitively on a substrate. An example of 

escapement is the de-silylation step during the operation of the 

irreversible molecular shuttle .cuccl-3 (Scheme 6, step (I)) or 

the analogous step for system S (SB -. SC. Scheme 8). 

"Balance" is the thermodynamically preferred distribution 

of an exchangeable quantity or substrate over a machine or parts 

of a machine. The impetus for net transportation of a substrate 

comes from balance being broken. (Note that "balance" being 

broken is not the same as "detailed balance" being broken; 

"balance" is the thermodynamic driving force for "detailed 

balance" to be broken.) 

"Linkage" is the communication necessary for transporta-

tion of a substrate to occur between parts of a machine. 

However, the ability to exchange the substrate between the 

linked parts is not in itself enough for a task to be performed: 

there must also be a driving force for it to occur (vide supra). 

Linking and unlinking operations are purely kinetic parameters 

and so can be accomplished by simply changing the rate of  

reactions rather than introducing or removing physical stenc 

or electronic barriers. 

Types of Compartmentalized Molecular Machines 

During development of the terminology necessary to describe 

molecular-level behavior scientifically, the standard dictionary 

definitions meant for everyday use are not always appropriate 

for regimes that the definitions were never intended to cover. 

As we have seen through the examples given in this paper, the 

difference between a molecular motor and a molecular switch 

is fundamental and profound because "motor" and "switch" 

become different phenomenological descriptors at Brownian 

length scales, not just iconic classifications of macroscopic 

objects. As another example, simple switches that operate 

through biasing Brownian motion do not stay in the same state 

if the thermodynamic driving force is turned off and it is 

important to distinguish them from other Brownian machines 

that do. Indeed, we can identify three different fundamental types 

of simple Brownian machines that act through various combina-

tions of balance-breaking, linking/unlinking. ratcheting, and 

escapement steps—a Brownian switch (Figure 5a), a Brownian 

flip-flop (Figure 5b). and a Brownian motor (Figure 5c). Each 

of these machine types can also function as components in more 

complex molecular-level machines (Figure 5d). 

(a) A "Two-state (or multistate) Brownian switch" is a 

machine which can reversibly change the distribution of a 

Brownian substrate (a moiety which undergoes Brownian 

motion) between two (or more) distinguishable sites as a 

J. AM. CHEM. SOC. • VOL 128, NO. 12, 2006 4071 



ARTICLES 	 Chatteqeeetal. 

function of state of the machine. It does this by biasing the 
Brownian motion of the substrate (Figure 5a). Classic stimuli-
responsive molecular shuttles, such as ElZ-I and those listed 

in refs 13-18 and 20, are examples of two-state (or three-state ' 4) 

Brownian switches. 

A "Two-state (or multi-state) Brownian flip-flop" is a 
machine which can reversibly change the distribution of a 
Brownian substrate between two (or more) distinguishable sites 
and can be reset without restoring the original distribution of 
the substrate (Figure 51,). The statistical distribution of the 
substrate cannot be determined from the state of the flip-flop 
(unlike a switch, which influences a substrate as a function of 
state) but rather is determined by the history of operation of 
the machine, i.e., through a form of sequential logic. Rotaxane 
5 is an example of a two-state Brownian flip-flop. It operates 
through a partial Brownian ratchet mechanism consisting of 
the following steps applied to a pair of compartments: balance-
breaking, escapement, ratcheling, and resetting of the machine 
(a second balance-breaking step). The original substrate distri-
bution is restored by an escapement—unlinking sequence. 

A "Brownian motor" is a machine which can repetitively 
and progressively change the distribution of a Brownian 
substrate, during which the machine is reset without restoring 
the original distribution of the substrate (Figure Sc). Like a flip-
flop, a Brownian motor affects a system as a function of the 

pathway that the machine takes, not as a function of state. 

Catenane 7 (Scheme 9) is an example of a two-stroke rotary 

Brownian motor (Figure Sc (i)). 8' The substrate is repetitively 
transported between two sites via two alternating pathways. We 
shall shortly report on the synthesis and operation of a linear 

three compartment Brownian motor (Figure 5c (u)).45 

By combining the three fundamental Brownian machine 
types which work through combinations of balance-breaking, 
linking/unlinking, ratcheting, and escapement with other com-
binational and/or sequential operations based on Boolean logic, 
machines that can carry out more complex functions, such as 
variable, directional, travel (Figure Sd (i)), and "sorting and 
separating" (Figure 5d (ii)), can be envisaged. 

Apart from allowing a large amplitude one-dimensional 
motion to be considered independently of other movements, 
there is nothing special about rottixanes in terms of mechanical 

mechanisms. ' 2,46  The relationships described in this paper are 
applicable to any type of molecular-level construct, with 
controlled motion possible in a kinetically associated structure 
in two or three dimensions as well as just one. They may also 
be useful in understanding the changes involved in biological 
machines as they bring about movement, function, and the 
transport of Brownian substrates (molecules and ions) in I -D 
channels, across membranes, and between parts of a protein. 

To appreciate the technological potential of controlled mo-
lecular-level motion, one only has to consider that it lies at the 

Since the method of operation of S involves varying the relative heights of 
energy minima and maxima irrespective of the position of the macrocycle, 
this is a partial "energy ratchet" mechanism (ref 25b). Other types of 
mechanisms are known (see ref 22), for example, an "information ratchet" 
which achieves directional transport of a Brownian substrate by varying 
the relative heights of energy maxima using information provided by the 
position of the substrate (ref 25b). 
Chattet)ee. M. N.; ('ioldup, S.; Kay, E. P.; Leigh, D. A. Manuscript in 
preparation. 
Indeed, their branched topologies rule out rotaxanes as architectures for 
the particular examples of compartmentalized machines shown in Figure 
5d (i) and (ii). 
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heart of virtually every biological process. When we learn how 
to build synthetic structures that can rectify random dynamic 
processes and interface their effects directly with other molec-
ular-level substructures and the outside world, it will add a new 
dimension to functional molecule and materials design. An 
improved understanding of biological pumps, motors, and other 
cellular machines will surely also follow. 

Experimental Procedures for the Operation of 
Machine—Substrate Systems 3 and 5 

Machine—Substrate System 3. Step (i). A solution of [2]rotaxane 
succl-3 (80 mg. 0.057 mmol) in aqueous acetic acid (80 1/o, 10 mL) 
was healed at 60 °C for 1 h. The reaction mixture was concentrated 
under reduced pressure and traces of acetic acid were removed with a 
toluene azeotrope (3 x 50 mL). To remove non-rotaxane impurities, 
the crude reaction mixture was filtered through a plug of silica gel 
(neat dichloromethane followed by dichloromethane:methanol 95:5) and 
the solvent removed under reduced pressure to furnish fully de-silylated 
material. 

Step (ii). The de-silylated product from step (i) was dissolved in 
dichloromethane (20 rnL) and treated with imidazole (70 mg, 1.0 mmol), 
:er:-butyl-dimethylsilyl chloride (90 mg, 0.60 mnmol), and a catalytic 
amount (5.0 mg) of 4-(dimethylamino)pyridine and the mixture stirred 
at room temperature for I h. To remove non-rotaxane impurities, the 
crude reaction mixture was filtered through a plug of silica gel (neat 
dichloromethane followed by dichloromnethane:methanol 98:2) and the 
solvent removed under reduced pressure. The 'H NMR spectrum in 
CDCl of the isomeric mixture of succl-3 and succ2-3 resulting from 
this two-step operation is shown in Figure 2c. 

Machine—Substrate System 5. Step (i). A solution of [21rotaxane 
jltm-E-5 (30 mg, 0.021 mmol) in aqueous acetic acid (80 1/o, 2.0 mL) 
was heated at 60 °C for I h. The reaction mixture was concentrated 
under reduced pressure and traces of acetic acid were removed with a 
toluene azeotrope (3 x 5 mnL). To remove non-rotaxane impurities, 
the crude reaction mixture was filtered through a plug of silica gel 
(neat dicholormethane followed by dichloromethane:methanol 95:5) and 
the solvent removed under reduced pressure to furnish fully de-silylated 
material. 

Step (ii). A solution of the de-silylated product from step (i) (20 
mg) in dichloromethane (50 mL) was placed in a quartz vessel, degassed 
with argon (3 x 5 mm), and irradiated at 312 nm using a multilamp 
photoreactor for five successive 5 min sessions. The progress of the 
reaction was monitored by 'H NMR spectroscopy. The photostationazy 
state was reached after 20 mm (4 x 5 min irradiations). The reaction 
mixture was concentrated under reduced pressure and used directly in 
the next step. 

Step (iii). The de-silylated photoisomerized material (20 mg) was 
dissolved in dichloromethane (2.0 mL) and treated with imidazole (20 
mg. 0.29 mmol), sert-butyldimethylsilyl chloride (26 mg, 0.17 mmol), 
and a catalytic amount (5.0 mg) of 44dimethylamino)pyridine. The 
reaction mixture was stirred for 2 h, during which time a colorless 
precipitate appeared. Water (2 niL) was added and the reaction mixture 
extracted with dichloromethane (5 mL). The organic layer was 
separated, washed with brine (saturated, 5 mL), dried over Na 2SO4, 

and concentrated under reduced pressure to furnish the crude re-si lylated 
isomeric mixture of rotaxanes. To remove non-rotaxane impurities, the 
mixture was filtered through a plug of silica gel (petroleum ether:ethyl 
acetate 8:2 followed by dichloromethane:methanol 8:2). This mixture 
was concentrated under reduced pressure and used directly in the next 
step. 

Step (iv). To a solution of the re-silylated isomeric mixture of four 
rotaxanes from step (iii) (20 mg) in dichloromethane (1.0 niL) was 
added piperidine(l00L. 1.0 mmol). The reaction was stirred for 12 
h. To remove non-rotaxane impurities, the crude reaction mixture was 
filtered through a plug of silica gel (neat dichloromethane followed by 
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dichloromethane:methanol 8:2) and the solvent removed under reduced 

pressure. The 'H NTvIR spectrum in CDCh of the isomeric mixture of 
fum-E-5 and succ-E-5 obtained after the four-step operation is shown 

in Figure 3d. An essentially identical 'H NMR spectrum was obtained 

upon reversing the sequence of steps (i) and (ii). 
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Lighting up nanomachines 7; 07 *-; 
50 YEARS AGO 
"The Arrow of Time 
- It is widely believed that all 
irreversible mechanical 
processes involve an increase of 
entropy, and that classical (that 
is, non-statistical) mechanics, of 
continuous media as well as of 
particles, can describe physical 
processes only in so far as they 
are reversible in time. This means 
that a film taken of a classical 
process should be reversible, 
in the sense that, if put into a 
projector with the last picture 
first, it should again yield a 
possible classical process. This 
is a myth, however, as a trivial 
counter-example will show. 
Suppose afilm is taken 
of a large surface of water 
initially at rest into which a 
stone is dropped. The reversed 
film will show contracting 
circular waves of increasing 
amplitude. Moreover, 
immediately behind the 
highest wave crest, a circular 
region of undisturbed water 
will close in towards the centre. 
This cannot be regarded as a 
possible classical process. (It 
would demand a vast number 
of distant coherent generators 
of waves the co-ordination of 
which, to be explicable, would 

( 
have to be shown, in the film, 
as originating from one centre. 

<
(3 

 This, however, raises precisely 
the same difficulty again, if 
we try to reverse the amended 
film.) 	 K. R. Popper 
From Ntvure 17 March 1956. 

, 100 YEARS AGO 
Journals dealing with the 

aspects of physiological < chemical 
and pathological research have 

UJ long been current in Germany; 
but up to the present time 
English-speaking workers have 
had to rely on periodicals dealing 

Q with all branches of physiology 
and pathology for the publication 

Q oftheirresults... the   
long been felt of a special journal, 

ç••- and we have to chronicle the 
advent of one - the Bio-chemical 

(5 Journal... In America also a  
similar want has been met by the 
issue of the first numbers of what 
is there called the Journal of 
Biological Chemistry. 
From Nature 15 March 1906. 

Euan R. Kay and David A. Leigh 

Nature runs the nanomachinery that makes 
life possible using the last word in clean, free 
and readily available power sources - sun-
light. In photosynthetic bacteria and green 
plants, photon absorption by chlorophyll gen-
erates a charge-separated state, from which the 
electron is quickly passed down a cascade of 
electron carriers, ultimately generating energy 
in a convenient chemical form. Can similar 
capabilities be engineered? An exemplary 
effort to do just this is given by Balzani et al. 
who, writing in Proceedings of the National 
Academy of Sciences' , describe photochemical 
experiments on an artificial machine that uses 
light to displace a fragment of its unimolecuiar 
structure. 

Those who seek to harness the Sun's energy 
for synthetic molecular machines find that 
chemistry is always throwing up obstacles. In 
particular, charge recombination typically 
occurs thousands or millions of times faster 
than the nuclear movements on which such 
machines rely, making charge-separated states 
difficult to exploit. This problem can be over-
come using bimolecular systems: here, the 
charged partners quickly diffuse apart so their 
energy can be used, for example, to achieve 

'0at 

aistrbuton 
of the ring 	 -5 	-95  

switching in a rotaxane. This class of mole-
cule, consisting of a ring that shuttles ran-
domly and incessantly along a string, stopped 
only by bulky groups at the string's termini, is 
also that used by Baizani and colleagues'. 

Their rotaxane 3  (Fig. 1) incorporates two 
structurally different bipyridinium sites - 
'stations' I and 2 - that slow the shuttling 
ring's motion through strong short-range elec-
trostatic interactions. The ring thus divides its 
time between station 1, station 2 and the rest of 
the string in the ratio of around 95:5:"z1. At 
room temperature, the ring shuttles between 
the stations tens of thousands of times per sec-
ond, but the net flux is zero. So no work can be 
done, or useful task performed, by the shut-
tling action (the 'principle of detailed bal-
ance'4 ). 

One of the bulky end-groups of the rota.x-
anes string is a ruthenium trisbipyridine com-
plex. This can absorb a photon of visible light 
and so form a reactive, excited state that 
donates an electron to the more easily reduced 
of the two bipyridinium sites - station 1, the 
ring's preferred binding site. One would nor-
mally expect the resulting charge imbalance to 
be corrected by back-transfer of an electron on 

jjji 

r -10% of the 
molecules 

A cleverly engineered molecule uses light to generate a charge-separated 
state and so cause one of its components to move. It's the latest study of a 
molecular machine that exploits nature's most plentiful energy source. 

Figure ii Light-driven molecular shuttle. Balzani and colleagues' rotaxane' a consists of a molecular ring 
free to move along a molecular string. a, At equilibrium in the ground state, the ring spends most of 
the time over station I, as a result of attractive, non-covalent interactions. But irradiation of the 
ruthenium complex (green) at one end of the string generates a highly reducing excited state, resulting 
in electron transfer to station 1, and the weakening of this station's electrostatic interactions with the 
ring. b, Normally, charge recombination is fast in comparison with nuclear motions, but here a delay 
allows approximately 10% of the molecules to undergo significant brownian motion, shifting the 
distribution of these rings to favour station 2. c, When charge recombination eventually does take 
place, the higher binding affinity of station I is restored, and d, the system relaxes to restore the original 
statistical distribution of rings. 

286 
©2006 Nature Publishing Group 



NATURE I Vol 44OI16 March 2006 	 NEWS & VIEWS 

the sub-microsecond tiniescale, even given the 
considerable distance between the ruthenium 
complex and the stations (which also slows 
down the rate of the forward electron-transfer 
reaction). In fact, the charge-separated state has 
an average lifetime of around 10 microseconds. 

Reduced bipyridinium is a very much 
poorer binding site for the ring, and the 
charge-separated state survives long enough 
for about 10% of the rings to undergo signifi-
cant brownian motion. Detailed balance is 
broken and a net flux of rings occurs as they 
shift their allegiance to the unreduced station 
2. After 10 microseconds, however, as back 
electron transfer finally takes place, station 1 
regains its stickiness. A net flux of rings occurs 
back from station 2, the system returns to its 
original equilibrium, and a machine cycle has 
taken place. The process can be repeated for at 
least a thousand cycles. 

This is a fascinating system, working (as do 
most other light-driven shuttles' -- ) without 
the consumption of chemical fuels or the for-
mation of waste products. It can be properly 
called a machine because component dis-
placements occur in response to an external 
stimulus. But is it really best described as a 
'nanomotor'? Chemists are still pondering the 
most useful way to understand the behaviour 
of the contemporary, early generations of 
synthetic molecular machines, but physics and 
biology offer many useful phenomenon-based 
ideas in this regard. Brownian motors, for 
example, use mechanisms that harness ran-
dom molecular-level motion like that of the 
ring motion in rotaxanes. 

Such brownian ratchet mechanisms, which 
are believed to account for the behaviour of 
some motor proteins' 0, all require detailed 
balance to be broken to allow a net, directed 
flux of particles. Crucially, however, the 
'ratchet' part of the mechanism ensures that 
the resulting change in particle distribution is 
not undone when the motor is reset. This 
allows the machine to be able to pump the 
particle distribution further and further away 
from equilibrium (as with the enzymes that 
synthesize the currency of intracellular energy 
transfer, ATP) or move itself progressively 
down a track (as with the cell's internal pack-
horse, kinesin). 

This feature is missing from Baizani and 
colleagues' rotaxane', and other simple mol-
ecular shuttles' 8: the work done in breaking 
detailed balance is undone by the reset step. 
For such a system to be understood to be a 
motor by a statistical physicist or biologist, 
therefore, the rings would have to be diverted 
along a different track during the reset phase 
(making a rotary motor), or remain where 
they are while the machine is reset (making a 
linear motor or pump). The former is the basis 
of several wholly synthetic molecular 
motors"' 5; the latter has thus far been 
achieved only with artificial structures made 
from DNA 

Balzani and colleagues' shuttle operates 

through a fully autonomous photochemical 
cycle; but can these molecules repetitively do 
work as long as sunlight is available? The 
authors did not use sunlight in the experi-
ments they report, but instead treated the 
rotaxanes with a single 10-nanosecond laser 
pulse at a visible-light wavelength. If continu-
ously irradiated with sunlight, the distribution 
of the rings between the two stations would 
reach a steady state (the exact distribution 
depending on the intensity of the light) within 
a few milliseconds. To generate net flows of 
rings between the stations after that, it appears 
one would have to switch the light source 
rapidly on and off. 

This is in contrast to the performance of 
another family of machine molecules that have 
components that rotate directionally, rather 
than shuttle linearly ' 2 ' 7. When these rotary 
molecules reach a steady state under continu-
ous irradiation, as with the rotaxanes the bulk 
distribution of the machine components no 
longer changes. But even at the steady state, at 
a sufficiently high temperature, net fluxes of 
the rotor components still occur through dif-
ferent pathways between four different rotary 
isomers that are present. Under constant irra-
diation, the molecules thus operate continu-
ously as directionally rotating motors'. 

Synthetic molecular motors and machines 
are very much in their infancy, and chemists 
are still learning the most basic rules for their 
design and operation. It is a field that can use-
fully draw on input from physicists, biologists, 
engineers and materials scientists. For a 
deeper understanding of molecular machine 
systems to evolve, therefore, it would be highly 
beneficial if the terminology used to describe 

Only birds have feathers - or so we thought 
until the discovery of fossils of feathered 
dinosaurs in China and elsewhere'. Since then, 
palaeontologists and biologists have together 
been painting a simple picture of feather evo-
lution based on evidence from fossils and from 
developmental biology. A new example of a 
predatory dinosaur, described by Göhlich and 
Chiappe on page 329 of this issue', makes that 
picture a little bit more complicated. 

The context is provided by Figure 1 (over-
leaf), which shows the generally understood 
relationships among the main groups of 
dinosaur (Ayes - the birds - is the only one 
of these groups to have extant members).  

them were to become consistent across all the 
contributing disciplines. Baizani and col-
leagues' latest photochemical experiments' 
represent a fascinating advance in our under-
standing of how a charge-separated state can 
be used to bring about a nuclear displacement 
in a unimolecular machine. It will doubtless 
prove an important stage on the route towards 
autonomous artificial nanomotors powered 
by sunlight. 
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Feathers are thought to be characteristic of the 
Coelurosauria, a group of theropod dinosaurs 
that includes Ayes and several other groups. 
Because feathers are unique and therefore 
innovative in developmental and evolutionary 
terms', we can infer their presence in extinct 
forms using a method called phylogenetic 
bracketing. Based on the presence of feathers 
in some extinct coelurosaurs and all living 
birds, this approach suggests that all coeluro-
saurs, with the possible exception of gigan -
tic species such as Tyrannosaurus rex, are 
feathered'. 

The small coelurosaur described by Gohlich 
and Chiappe now enters the picture. This new 

PAL.4'flNTO1Ot' 

Scales, feathers and dinosaurs 
XingXu 

A fossil dinosaur that 1nests' with feathered relations in the dinosaur 
phylogenetic tree did not, it seems, have feathers. The discovery will 
encourage a re-evaluation of feather evolution. 
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